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ABSTRACT 


This thesis examines and discusses the use of Composite 
Operational Amplifiers to reduce the sensitivity of active 
circuits to the degraded performance of individual devices 
after exposure to radiation damage. Composite operational 
amplifiers, known to provide enhanced stability, decreased 
sensitivity to circuit element variations and an extended 
operation frequency range, can be used to reduce circuit 
performance dependence on individual device parameter 
degradation under radiation without the use of radiation 
hardened devices. If radiation hardened devices are used 
ey) the composite operational amplifiers, it should be 
possible to achieve even higher levels of insensitivity to 
radiation. The composite Cperationwateanplitier 1s tne only 
generalized method known to provide radiation damage 


protection in this manner for active linear networks. 
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I. INTRODUCTION 


The operational amplifier is easily one of the most 
widely used analog integrated circuits. In an effort to 
meet the ever increasing demands of the electrical 
engineering field, there have been many efforts to 
increase the capability of the amplifier. 

One of the primary characteristics of the amplifier, 
that has been the object ef extensive errorrs sion 
improvement, is the range of frequencies (bandwidth) that 
the amplifier can properly utilize when performing its 
basic functions. One answer to Slrememontl on of extending 
the amplifiers bandwidth is the composite amplifier [Ref. 1]. 
A composite amplifier consists of two or more individual 
amplifiers joined By a circuit that permits the entire 
group of amplifiers to perform as a single amplifier with 
improved characteristics. 

The composite amplifier has many characteristics that 
are superior to those of a single amplifier. It is the 
object of this thesis to explore how one of those 
characteristics (increased bandwidth) can be of value ina 
high radiation environment. As a high level of radiation 
has a damaging effect on all amplifiers, it would be of 
great value to be able to reduce those negative effects 


through the replacement of single amplifiers with composite 
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amplifiers. The end result would be amplifiers and circuits 
that could function longer and better in the high radiation 
environments of space, nuclear reactors or closer to the 
explosion of nuclear weapons. That such a result can be 
realized through the superior bandwidth of composite 
amplifiers will be one of the areas explored by this thesis. 
Additionally, the characteristic of composite amplifiers 

to lose bandwidth due to damage at a slower rate than 

Single amplifiers will also be evaluated. 

Another area of performance that will be evaluatedis the 
speed at which an amplifier operates (slew rate). As the 
composite amplifier assumes the slew rate of its component 
amplifiers, no improvement in performance is expected 
[Ref. 2]. The slew rate, however, Should serve as a good 
indicator of the level of radiation damage sustained by the 
amped eg 

A final area of investigation will be the poe Onnitee 
of single and composite amplifiers in a bandpass filter. .The 
variation of the central frequency and the change ube} 
bandwidth due to radiation effects will also be evaluated 
in this thesis. 

Chapter II discusses the effects of radiation on silicon 
devices, and the different techniques utilized to produce 
radiation hardened devices. 

Chapter III traces the development of composite 


amplifiers. It concentrates on composite amplifiers that 


have two component amplifiers. The theoretical basis for 
the performance of composite amplifiers is examined as 
well as the basic characteristics that are particularly 
relevant to this thesis. 

Chapter IV introduces the characteristics of the Linear 
Accelerator (LINAC) at the Naval Postgraduate School. The 
method of utilizing the LINAC to evaluate the amplifiers at 
different radiation levels is also a part of this chapter. 
Additionally this chapter deals in detail with the procedures 
used to evaluate the ee of the single and 
composite amplifiers before and after being exposed to 
radlagren, 

Chapter V reports the results of the radiation testing of 
the amplifiers. Siew rate performance as well as bandwidth 
changes are discussed in detail. Additionally, the performance 
of the amplifiers as components of bandpass filters ‘are | 
detailed in this chapter. 

Chapter VI is the final chapter and addresses the 
conclusions of the research conducted as a part of this 
thesis. Additionally, recommendations are made concerning 


future areas of research. 


II. RADIATION 


A. FORWARD 

The semiconductor, integrated circuit is the heart of 
the electronic weapons and communication systems utilized 
by both military and civilian organizations. In many 
cases, it is desireable that these electronic systems work 
in hostile radiation environments that are both man made 
and natural. A hostile environment refers to space and 
nuclear reactors as well as nuclear weapons. To operate in 
these environments, the individual components are usually 
"hardened" to radiation. 

It is the goal of this research to use unhardened 
components in specially designed circuits to minimize 
performance degradation in radiation environments. The 
object is to avoid the problems associated with hardening 
individual components by utilizing a circuit that provides 
radiation hardening while using "Off the shelf" components. 
The radiation hardening is achieved by the special 
characteristics of the circuit which made the total circuit 
less sensitive to the degraded performance of the devices 


exposed to radiation. 


B. RADIATION DAMAGE 

"Radiation hardening" is the process that makes 
electronic components less vulnerable to damage or reduction 
in capability by radiation. Table 2.1 [Ref. 3] depittetemen— 
radiation sources that can ase radiation damage to 
electronic components. 

The three major radiation sources consist of: (1) charged 
particles (ions, electrons, protons); (2) neutral particles 
(neutrons); and (3) photons (gamma rays, x-rays). 

Charged particles primarily cause their radiatiom damage 
through the process of ionization. Charges particles and 
photons cause equal amounts of ionization damage to semi- 

Eon Gton material when applied in equal doses (Rads(Si)), 
[Ref. 4] The dose indicates the amount of energy, expressed 
in rads (100 ergs/gram), that is deposited in a material. 

The dose rate has been found to be an important factor when 
considering the effects of radiation on semiconductors 

[Refs. 5, 6, 7]. When the same total dose is applied at 
different dose rates, different levels of radiation damage 
occur in the device. Ionizing radiation causes induced 
trapped charge and interface states at the silicon-insulator 
boundary. 

Neutrons primarily cause damage through the displacement 
of lattice atoms in the crystal structure of the semiconductor 


material. 
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TABLE 2.1 


~ources 


Natural Radioactive Material 
Uranium 
Radium 
Radon 


Irradiated Materials 
Cobalt-60 © 
Sodium 
lodine 


Fission Fraqments 
Strontium 
Cesium 

From Space 
Sesmic radiation 


Solar Flares 
Yan Allen Belts 


Fissio0on/Fusi0n Weadons 
‘Percentage of 
WEADONMN OutpPuUt) 


RADIATION SOURCES 


Radiation Sat pwit 


alpna 
beta 2.3) rPads/hr 
gamma 
alpha P 
beta to 107 rads/hmhr 
gamma 
alpha 
beta WOT rads7hr sand@up 
gamma | 
2 oparticles/cm@-sec 

nuclei (kinetic energies of 

1 to 10 sev) 
protons 1000 ragds/nr 
Electrons PO -reasts/nr 
Jamma 197 rads/sec 


Neutron “104B naytronevcmir-e 


alpMmsa Ger genie 
beta 

gamma ere Sie 
neutrons Cre) ve 
yr-rays eo) 7. 


leat 


To offset the effects of these three major sources of 
radiation, semiconductor devices are hardened through a 
combination of special processing and careful control of the 
geometry of the devices structure, [Ref. 8] Special 
processing and geometry require more manufacturing steps 
and hence cost more money than the processes for unhardened 
devices. Additionally, the geometric adjustments required 
for hardening the semiconductor devices reduces the packing 
density on the chip; further increasing costs. Instead of 
pursuing a manufacturing technique that will both neauicel 
price and increase chip density seit Tsethe object Ome thas 
thesis to demonstrate a technique whereby the desired 
hardening is achieved through the arrangement of special 
Circuits using normal nonhardened components. 

The specific method of radiation damage utilized during 
the course of this research was bombardment of the semi- 
eenducton devices with high energy electrons. The following 
is a description of the types of radiation damage produced 
by high energy electrons and the method of measurement of 
the amount of damage. 

Inelastic Coulomb Scattering is the primary means by 
which electrons lose energy as they strike a target. The 
energy is lost through both ionization and Bremsstrahlung, 
[Ref. 9] Stopping power is the energy lost by a particle 


per unit length of path through a material [Ref. 10]. The 
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amount of material required to stop the bombarding particles 
is a measure of the stopping power of the material. The 
stopping power used in this thesis is detailed in Chapter IV. 

The ionization process involves the inelastic collision 
of the high energy incident electron with electrons 
associated with atoms (atomic electrons). The collisions 
excite or free the atomic electrons (Figure 2.1) resulting 
in a change in energy for the beam electron. 

The Beamsstrahlung process results from the common 
phenomenon of an accelerated charge particle radiating 
energy (photons). When the beam electrons have their 
Pircetlonsor travel chanzedgby inelastic Coulomb collisions 
with the nucleus or atomic electrons, they will radiate 
as depicted in Figure 2.2. The radiation represents an 
energy decrease for the beam electrons and is called 
Bremsstrahlung radiation, [Ref. 11] 

Elastic collisions between the beam electron and the 
nucleus of an atom can also reduce the energy of the beam 
electron. The kinetic energy imparted to the nucleus of 
the atom can cause the atom to transfer energy to the rest 
of the surrounding atoms; heating the crystal lattice. The 
collision can also eject the atom from its place in the 
structure; given enough energy other atoms will in turn be 
displaced by the first atom in a cascading fashion, producing 


displacement defects (Frenkel defects), [Ref. 12] Due to 
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Figure 2.] Freeing of an Electron by Inelastic Collision of a Beam 
Electron with a Target, Atomic Electron 
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Figure 2.2 Creation of a Photon by Bremsstrahlung 


15 


the relative masses of the electron to the nucleus, very 
little energy is transferred in this manner. 

The two methods of measuring damage caused by radiation 
are range and dose. Range is the path length an electron 
travels while being brought to rest in a material and has 
units of grams per square centimeter [Ref. 9]. As the 
electrons are assumed to lose energy continuously, the 
range can be divided by the density of the material to 
determine the distance an electron is most likely to travel. 
For the 30 MEV electrons used in the NPS linear accelerator, 
the range in silicon is 13.83 g/cm2 with the most probable 
distance traveled 5.94 cm,[Ref. 13] Range was not used as 
a method of damage measurement in ante thesis. 

The dose represents an amount of energy deposited in the 
material and is the measure of damage used in this thesis. 
Dose is expressed in rads (100 ergs/gram) if one square 
centimeter of surface material is assumed and the surface 
material specified. The specific doses used in this thesis 
are explained fully in Chapter IV. Dose was calculated in 
this thesis from the voltage deposited on a capacitor by 
the electron beam. The specific details of dose measurement 


are explained in Chapter IV. 


C. EFFECT OF RADIATION ON ACTIVE DEVICES 
As stated earlier in the previous chapter, our concern 


in this research is to improve active circuit performances 


16 


employing operational amplifiers exposed to radiation 
environments. In this section, a brief introduction to some 
of the main device parameters affected by radiation is 
presented. In the first case of bipolar amplifiers the 
transistor parameter on is chosen. The transistor trans- 
conductance (zg) affects a variety of amplifier 
characteristics [Ref. 14]: 

1) Open loop gain 

2) Slew rate 

3) Gain bandwidth product (GBWP) 

4) Neutron induced offset current and voltage drift 

9) Gamma threshold 

6) Output voltage swing 
The GBWP and slew rate of operational amplifiers are of 
great importance in this research. These two characteristics, 
as well: as all the others, are affected by radiation and the 
extent to which they are affected is Gevalle@rin the 
following chapters of this thesis. 

The effects of ionizing radiation on the gain of bipolar 
junction transistors (BJT) can be best described by examing 
the changes in the components of the base current as a 
immer ion Of radiation. 

The base current components are composed of surface 
related electron-hole recombination-generation type terms 


and Gurrtusion ("bulk") related terms. 


dey 


The recombination-generation terms at the surface are 
defined for depletion layers (DL) near the surface of the 
semiconductor. These terms describe the contributions to 
the base current from a field-induced depletion region 
formed in the base near the surface (letpr?> and the 
recombination-generation of electron-hole pairs at the 
surface (Io). Two other possible surface terms are 
defined when the new surface depletion layer is complete 
and exist only after Tog has peaked. The new terms are IoppL 
(due to electron recombination (RB) in the new depletion 


layer (DL)), and I (due to hole recombinations (D') in 


D'DL 
the new depletion layer (DL)). 

The effects of increasing ionizing radiation (high dose 
levels) on the _ Fe increase IeIDL’ The increase in 


IeIpL is a result of the change in recombination rate near 
- the surface, [Ref. 15] 

At higher dose rates, another effect is expected; the 
high dose levels cause the surface state density to become 
dominant. The surface state density dominance forces the 
surface potential to a point where Too peaks. 

The bulk surface dependent diffusion currents are 
affected by the increased ionization due to high dose rates. 
Large surface potentials can induce a full depletion layer 
at the surface. The effects of ioniZation radiation on the 


surface potential (? 5) profile can be seen in Figure 2.3. 


The profile represents the surface potential as seen by the 
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EiiamecC Carriers in the semiconductor near the surface. The 
Surface potential is modeled from the edge of the emitter-base 
depletion layer versus distance from the metallurgical 
SUNetiOn. 

Another view of the depletion layer created at the 
Surface is that this depletion layer is an extension of the 
emitter-base junction depletion layer. The extension of the 
depletion layer causes the additional base current components 
of I eRDL and I 


responds to radiation and that response is small in comparison 


D'DL’ Of these two terms, only the Ip:ip;, term 


to Too especially at a low V [Ref. 16] 


BE* 
Mcei tM Trestle Of Lhe increasedsionigation due to high 

dose levels is an increase in the base current as its 

components are increased by the radiation. The two important 

parameters that determine this change in base current are 

the surface potential, and the interface (surface) state 

density. The interface density is assumed to build up with 

the same field dependence as the trapped charge, [{Ref. 16] 

The resulting field-dependent surface potential distribution 

(Figure 2.3) was used in determining the added base current 

resulting from ionizing radiation for a BJT (an ungated 

2N222 transistor in this case). By using a simple approach 

to add the contributions of the components of the base 


current, an expected change in base current can be 


developed (Figure 2.4). 


go 
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The expected increase in the base current (I,) will 
result in a decrease in the transconductance (ge) and the 
current gain (8) of the BJT transistors as they have an 
inverse relationship. The gain B=I./I, and gH 8 [Lay » where 
I, is the collector current the r 


C 


base-emitter resistance. The decrease in gain of the 


, is the small signal 
transistor will in turn affect the overall amplifier voltage 
gain. The resulting loss in gain means the gain-bandwidth 
product is reduced; therefore when the gain of a device is 
held constant, the expected effect of radiation is to reduce 
the 3 dB frequency of the device. 

The physical effect of the ionizing radiation on the 
JFET devices is very much the same as the junction boundary 
effects of the BJT devices. The most important effect of 
the radiation is the increase in the depletion region of the 
JFET devices. Increasing the depletion region of the JFET 
devices has the effect of reducing the channel width, thus 
the radiation reduces the potential flow of channel current 
and consequently reduces the potential gain that the JFET 
amplifiers can achieve. The reduction in gain also 
appears as a loss in GBWP, and the 3 dB frequency will 


thus be smaller for a constant gain. 


D. RADIATION HARDENED DEVICES 
The normal means of hardening a circuit is to harden its 


components, vice the techniques introduced in this thesis. 
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The experiments in this thesis relied on the design of the 
circuits to produce hardening vice special processing of the 
individual components. 

The technology choices that produce radiation hardness 
are the basic factors in present efforts to harden circuits 
to radiation. In silicon technology the choice of active 
devices is limited to the following general types: 

mee bipolar junecuion transistors (BJT) 
a) NPN (NBJT) 
b) PNP (PBJT) 
2 Junction field effect transistors (JFET) 
a) N-channel (JFET) 
b) P-channel (PJFET) 
3) Metal-oxide-silicon field effect transistors (MOSFET) 
a) N-channel (NMOS) 
b) P-channel (PMOS) [Ref. 14] 
Considering the additional factors of structure (vertical or 
lateral), isolation (dielectric or junction), dopants 
(diffused or implanted), etc.3; there are a very large 
number of alternative ways of combining these devices. 

Some of the factors that reduce the possible combinations 

of these devices are: 


1) Noncomplementary combinations are infeasible (i.e., 
Single active device types or NXXX/NXKX or PXXX/PXXX). 


2) Some structures have totally inadequate radiation 
hardness (i.e., lateral and substate BJT devices. 
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3) Assuming bulk device technology, only dielectric oxide 
isolated structures are suitable to withstand transient 
radiation. 

4) Certain active device combinations are process incompatible 
and infeasible in monolithic technology (i.e., 
NPN+PNP+NJFET+PJFET). 


9) Performance and producibility factors eliminate other 
devices, [Ref. 14] 


The monolithic implementation is generally preferable in 
the production of radiation hardened devices, [Ref. 14] The 
following is a list of "viable" active devices. 

1) NBJT (vertical) Figure 2.5 

2) PBJT (vertical) Figure 2.5 

3) NJFET (diffused) Figure 2.6 

4) PJFET (ion implanted) Figure 2.7 

Oo) NMOS (depletion) Figure 2.8 

6) PMOS (enhancement Figure 2.9 [Ref. 14] 
"Viable" is a term that encompases many factors; radiation 
hardness, electrical characteristics, and producibility. 
The referenced figures illustrate the topology and vertical 
structure of these devices. It is assumed that a dielectric 
isolation structure will be employed. Active device 
processing is essentially the same for dielectric or 
junction isolation processes. 

The monolithic process that is used to produce the 
radiation hardened devices is complex and its many aspects 
must be carefully considered before each application. The 


compatibility of the diffusion operations is the major 


24 


SHOUSISUPA] dNd pue NdN §°2 aunbLy 


sols 


-d 
nN eax d HOJITISA 10d <! : 
SS TT wid aes. S " 
= ) eee eee ——— a, 
0 


Set Tea eyes ee _— ete 


| ft 














3SvA UILLIW HOLIITIOS 


Al if 


ISvd UILITHI 401931109 


fitin 


Se ee ee ke 


NOTSTSHWIL dtd 




















GATE SOURCE DRAIN 


ALUM] NUM Sid 
| cv aa 
= Ban 


a 
fe 7M P+ Nt —7 pe 
ce P- POLYSILICON 
zs 


Ficure 2.6 NJFET Transistor 


ZG 


12PJFET 
SOURCE 





Gp ALUMINUM 
5109-9 
+ 


ate 2 = 
Gonna ua IPS (Pp 
N-. Ne 










POLYSILICO 


FIgGUne 457 ss PUurET Transistor 


aa 


NMOS 









POLYSILICON 


Figure 2.8 NMOS Transistor 


28 





DRAIN GATE SOURCE -BODY 


a 3 10, ALUMINUM 


ee a a 
Wort oa a 


POLY-SILICON 3105 





Figure 2.9 PMOS Transistor 


Zo 


consideration in the production of the active devices. 
Diffusion process is interpreted to include conventional 
diffusion, oxidation and ion implantation. The primary 
difficulty encountered with diffusion is time/temperature 
factors. As the various structures of the devices are 
fabricated through a sequence of diffusion operations, each 
diffusion operation has a time/temperature impact on the 
previous diffusion operations. Consequently, each succeeding 
diffusion operation must be time/temperature compatible with 
previous diffusion operations, [Ref. 14] 

The compatibility of diffusion operations is complicated 
by the fact that different diffusion species (boron, 
phosphorous, arsenic, etc.) have different diffusion 
coefficients and different temperature dependencies. Similar 
considerations apply to critical oxidation operations and to 
ion implanted structures. Additionally, integrated circuits 
of the type desired typically involve several hundred 
operations during the course of construction. Each step of 
the process requires Pireidscontie omeriemnes tt swiltabema 
very small percentage of acceptable devices, [Ref. 14] 

It is the object of this thesis to suggest an alternative 
to the special process of producing radiation hardened 
devices. Instead of complicating the already complex process 
of device production, it is suggested that nonhardened 
devices can be employed in specially designed circuits to 


produce radiation hardening. This technique will incorporate 


ANG) 


some special designs that proved to possess excellent active 
and passive sensitivities, thus reducing the circuit 
performance dependence on individual device parameter 
degradation under radiation. These designs are referred to 
aS Composite Operational Amplifiers and are presented in the 


following chapter. 
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III. COMPOSITE AMPLIFIERS 


Linear active circuits (positive, negative and- 
differential finite gain amplifiers, integrators and active 
filters) are mainly realized using operational amplifiers 
(OA's) as the active elements. Linear active circuits have 
limited operating frequencies due to the frequency 
dependent gains of their active elements. openers 
frequencies are here defined as those frequeneies at which 
linear active circuits will operate without deviation from 
their theoretical design values by more than a predetermined 
acceptable range. | 

In practical applications, the passive components 
(resistors, capacitors, etc.) have a limiting influence on 
the operating frequencies at a much higher range of 
frequencies than the limitations imposed by the OA's. 
Consequently, the actual input to output relationship Tos) 
of the active circuit will differ from the ideal mathematical 
input-output relationship TCs); even if all the passive 
components in the circuit are ideal. Variations in 
frequency, temperature and power supply will cause OA 
parameter variations which will cause corresponding 
changes in TI (s)3 the less the dependence of TICs) on the OA 


parameters, the smaller the variations in TCs). 
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Composite Operational Amplifiers (CNOA) (N indicates the 
number of component amplifiers) are a new approach for 
extending the useful Bandwidth (BW) of linear active circuits. 
It can be easily shown that by replacing each OA in 
any circuit design with a CNOA, without changing the 
comparison network, serves to extend the BW of this design. 
The CNOA is constructed of N regular OA's. The resulting 
CNOA has 3 Cetninala sah tnverting input, a non-inverting 
input, and an output. The CNOA's allow both amplitude and 
phase active compensation using resistor ratios ee he 
controlling parameters. The CNOA has the same versatility 
as an OA. The use of CNOA's in popular active realizations 
will greatly extend the useful range of operating 
frequencies over realizations that use a similar number 
of single OA's (N). 

Timemeomechapler, the procedure for) esenerating C2Z0A's 
using nullator, norator pairing will be presented [Refs. 17, 
18, 19], these are theoretical networks shown in Figure 3.1. 
Mae nullator is a one port which neither sustains a voltage 
nor passes a current (i.e., V=I=0). On the other hand, the 
norator is a one port which will sustain an arbitrary 
voltage and pass an arbitrary current (the current and 
voltage are independent of each other). A set of useful 
performance criteria for determining which C20A's to retain 
will be introduced; only four C20A's meet these criteria 


and are retained. The applications of the C20A.'s (i=l to 4) 
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The OA (VCVS) Nullor Representation 


Figure 3.4 The Singular Elements Representation of the OA 
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in negative, positive and differential finite gain amplifi- 
cation will also be presented. The performance improvement 
of the resulting active circuits are examined and found to 

compare favorably with the best existing realizations 


employing a Similar number of OA's. 


A. GENERATIONS OF THE C20A'S 

An operational amplifier (Figure 3.2) is a Voltage 
Controlled Voltage Source (VCVS). In the ideal case, the 
input impedance Zo approaches infinity, the output impedance 
Aut approaches zero and the open loop gain approaches 
infinity. The corresponding idealized model (Figure 3.1) 
ms composed of two singular elements; the nullator and 


Dorator, hers. 17, 18, 19] The ideal OA is replaced by a 


nullor having the following characteristics: 


= . | Cr) 


which is called the nullor chain transmission matrix of an 
itemmOoa, tin any physical circuit that contains N OA's, if 
each OA is replaced by a nullor, we obtain a nullor equivalent 
network. The nullors then can be split into nullators and 


norators to yield a nullator-norator equivalent network. 


O95 





Figure 3.2 Circuit Symbol for the Operational Amplifier (0A) 
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In reverse, a nullator-norator equivalent network 
containing n nullators and n norators yields n! nullor 
equivalent networks, since nollators and norators can be 
paired into nullors in an arbitrary manner. For example, 

a nullator-norator equivalent network containing two 
nullators and two norators yields two nullor equivalent 
Mecworks. Nullator X can be paired with norator X or Y, 
and nullator Y can be paired with norator Y or X, as 
shown in Figure 3.3. 

Although ae nullator (or norator) is not admissible as 
an idealization of a physical network, the nullor, like an 
infinite-gain controlled source, is admissible. The 
equivalence established is valid whether A>» or A+-~ and 
SO COS ies, a nullor can be replaced by a high-gain 
differential controlled source in two ways as shown in 
Figure 3.4. Consequently, the cota eee taput terminal 
of the controlled source can be connected to a node K, and 
the inverting-input terminal to a node L (Figure 3.4b) or 
vice-versa (Figure 3.4c). Thus a nullor equivalent network 
containing two nullors corresponds to four physical networks, 
Since either high-gain controlled source can be connected 
in two ways. In general, a nullor equivalent network 
containing n nullors corresponds to ye physical networks. 
Each of these n! nullor networks yields a physical realization 
which has a different dependence on the non-ideal active 


elements. 


37 





Figure 3.3. Two Alternative Nullor Equivalent Networks Obtained From 
a Single Nullator-Norator Equivalent Network 
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Figure 3.4.a Circuit Containing One Nullor 





N 
Figure 3.4.b Figure 3.4.c 
Froure 3.4.D,c Two Alternative Physical Circuits 


Figure 3.4 Replacement of Nullors by Physical Networks 


So 


After this brief explanation, the procedure to generate 
the C20A's is described as follows. In the first step, a 
redundant amplifier Of finite gain ee tee comb ane was ieee 
Single OA, such that the chain matrix of the resulting two 
amplifier network, assuming ideal amplifiers, corresponds to 
that of a nullor, as given by equation (1). In other words, 
although each network contains 2 VCVS's, the overall two-port 
network realizes one VCVS. Six topologies are obtainable 
from each of the four networks shown in Figures 3 5a and 3.5b. 
Two topologies are obtained, one for +H and the other for 
-H, Figure 3.5e, f, at each position of the three way switch, 
leading to six topologies per network. It is easy to show 
that 17 out-of the 24 topologies realize true nullors, i.e., 
none of the network elements or signals are requivVeqmre 
assume certain values. tight possible OA realizations can 
be obtained from each of these seventeen topologies (nullor) 
networks. This results in 136 Composite Operational 
Amplifiers (C20A's), each constructed using two singla OA's. 
The resulting C20A's, are examined according to the 
following performance criterion [Ref. 1]: 
1) Let A,(s) and Ap(s) be the non-inverting and inverting 
open loop gains of each of the 136 C20A's examined. 
The denominator polynomial coefficients of A,(s) and 
Ap(s) should have no change in sign; this satisfies 
the necessary (but not sufficient) conditions for 
stability. Also, none of the numerator or 
denominator coefficients of A,(s) and Ap(s) should 
be realized through differences. This eliminates 
the need for single OA's of matched GBWP's and 


results in low sensitivity of the C20A with respect 
CO 1tS Componente. 
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Figure 3.5.a Figure 3.5.b 





Figure 3.5.e Emenee oat 


Figure 2.5,.a-d The Four Different Networks for Generating the 
Composite Onoerational Amplifiers Usina Two 
Single OA's (C20A's} 


Figure 3.5.e,f The +H and -H Finite Gain Amplifier Realizations 
Used in Figures 3.5.a to 3.5.d 
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2) The external three terminal performance of the C20A, 
should resemble, as closely as possible, from the 
versatility point of view, that of the single OA. 

3) To minimize phase shift, no right half S plane (RHS) 
zeros should be allowed in the C20A's closed loop 
gains. The RHS zeros can be due to the single OA 
pole. 

4) The resulting input-output relationship Tag(s) in the 
applications considered should have extended frequency 
Operation with minimum gain and phase deviation from 
the ideal T;(s). The improvement should be enough to 
justify the increased number of OA's. 

Four C20A's referred to as C20A-1, C20A-2, C20A-3, and 
C20A-4 out of the 136 examined, are found to have acceptable 
performance according to the above criterion [Ref. 20]. 

It is interesting to note that by applying the nullator- 
norator concept to the transistors in a Darlington pair, 
C20A-3 can be obtained. [Ref. 21] Thus, C20A-3 with a 
compensation resistor ratio (®) of zero, can be considered as 
a special case of the Darlington network, since the norators 
are both ac grounded in the Darlington pair nullator 
network to be able to convert it into an OA realization. 

The open loop gain of the single OA's, used in 


constructing the C20A's, assuming a single pole model, can 


be expressed as: 


A. =A 


i Soin! Le te bey 


ae 


i = eon Zz 
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where ASG Wig and w, are the de open loop gain, the 3-dB 
Bandwidth, and the GBWP of the oe Single OA respectively. 
It can be easily shown that the open loop input-output 


relationships of C20A-1 to C20A-4 are given by: 


an = Vi4Agi (2? - Vin pif S? (i = 1 to 4) 


eviltcere for C20A-1: 


ee = CV 4561 + A,)C1 + a) - VpAyse( + a))/CA, + gtcec) ) 
(3) 
for CZ0A-2: 
Fea es - V, (Aaa A 1 Ses +(1+0)) (4) 
mOrTr C20A—3: 
Vig = (V,A,Ay - VpAg(1 + AL))/C1t Oo) (5) 


and for C20A-4: 
V = (VACA, +O) - Vi h9 (Ay emer Co) (lsc. ) (6) 


o4 


where Clls a reSistor ratio [Ref. 20]. 
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Assuming identical OA's, i.e.: 


it is interesting to examine the open loop gains given by 
equation (3) to equation (6) in the Single ended inverting 


app licat Lon tsi. ere, Y = 0. For C20A-1 and C20A~4 the de 


gain A is given by: 


ie 
ll 


Met A,(1 ce) / teas tf op) AX 


Cizae 


I 


aa + ©) for (ieee | A, 

From (7.a), the composite amplifier has a single pole 
roll off from w /A, to w./C1 + % ) where the second pole 
occurs. As % increases, the dc gain increases while the 
second pole frequency decreases. Also, from equation (4) 
and equation (5), each of C20A-3 and C20A-4 has a de gain 


given by: 


A Go = a2 Cea (7.b) 


Alce has double poles (12 dB/octave) at wi /Ao; and as & 
increases the de gain decreases without affecting the 


second pole location. 


4.4 


Only C20A-2 has identical expressions for the positive 
and negative open loop gains A. and A, Thus Common Mode 
Rejection Ratio (CMRR) problems should not be encountered 
using C20A-2 even for relatively large common mode signal 
applications. From equation (3), equation (5) and equation 
(6), the CMRR of C20A-1 and C20A-3 is (Ao4 poly 2). white 
that of C20A-4 is (Ad + :&+ 1/2). For single ended 
applications (small common mode signal), no problem should 
be encountered using C20A-1, C20A-3 and C20A-4. 

It is important and easy to show that the voltage swing 
at the first OACA, ) output, which is an internal node, in 
each of C20A-1 to C20A-4, is always less than the output 
voltage V Hence the dynamic range is determined by the 
voltage swing of the output voltage Ue Thus no dynamic 
range reduction of ve or harmonic distortion problems 
Should arise. 

B. REALIZATION OF POSITIVE, NEGATIVE, AND DIFFERENTIAL 

FINITE GAIN AMPLIFIERS USING THE PROPOSED C20A'S 

The application of the four proposed C20A's in positive 
and negative finite gain amplification is given in Table 3.1. 
Also, for the sake of illustration, the use of a C20A-2 as 
aecaufteremtial finite gain amplifHer, Figure 3.6, can be 
shown to have the input-output relationship given by: 


ee, 
i = T,, 01/1 aE Se + Ss Oa 


(8) 
a, 
+ Te 61/4 ~ S/W, + Ss i Dal 
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Figure 3.6 Application of the C20A-2 as a Differential 
Finite Gain Amplifier 
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where: 


— a —— 
T., = XQ + Gee K 


as v WW? Cleko a Q, a w,/Wo(1 + K).(1 + 4) 


In the applications given in this section, each of the 


actual input-output relationships a is ieee: Lown: 


ee T, . N/D | (9) 
where qT. = the transfer function realized assuming ideal 
OA's 

Nee] 4+ ase eet Sie (a is zero ca) in some cases) 


Zz Bon 2 
D = 1 + bus 90.S5 =" aoc + (Ss /w 
st bos = (s/w Q,) + (s"/wo) 


Thus N/d determines the amplitude and phase deviation of T, 
from T.. Also, by and bo determine the stability of T 3 


a, by» and bo and consequently Wo We and On are functions 


of the circuit parameters which are w Wo and &@. None of 


nee 


the a and b coefficients is realized through differences; 


this guarantees the low sensitivity of To: W w_ and os 


Z.. Dp 
to the circuit parameters. On the other hand, the b 
coefficients are always positive (assuming single pole OA 


model), which guarantees the stability of the transfer 
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hMonerion. From Table 3.1, + 5% mismatch in w, and wo 
results in a + 5% change in ar and + 2.5% in Q.: Hence 
Single OA's with mismatched gain bandwidth products within 
practical ranges can be used without appreciably affecting 
the stability or the sensitivity of the finite gain 
realizations. 
C. EFFECT OF THE SINGLE OA'S SECOND POLE ON THE STABILITY 
One uni C2Z0A'S 
In the following, the stability properties of the positive 
and negative finite gain amplifier realizations using a two 
pole open loop model of the single OA's is studied. A, 1s 


i 


assumed equal to A The analysis is simplified without 


9° 
affecting the reliability of the conclusions. This is due 
to the absence of gain differences in all the gain expressions 


obtained as seen from equation (3) to equation (6), equation 


@s) anda Table 3.1. Let: 


where 1/A is given by: 
Ae =" Cte + s/w) )Cs/A Wy, + 1/A.) GOD) 


Ww as shown in Figure 3.7. By applying Routh Hurwitz 
stability criterion, the necessary and sufficient condition 


for stability using C20A-1 or C20A-2 is found to be: 
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Figure 3.7. Open Loop Frequency Resoonse of a Two-Pole OA 
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et Oe ak) / 2 ay 


BommezOn—>s the condition is found to be: 


Creme es’ Ch + ik) (12) 
Also, for C20A-4 the condition is given by: 
me) -  4(1 + k) Crea 


From equation (9), it is desirable to choose © such that 
5 and on result in acceptable amplitude and phase deviation 
in Te from qT; while satisfying the necessary and sufficient 
eonaictions for stability. Table 3.2 gives the values of 4% 
required to yield Q, =1/V¥ 2 and co = Tasos the realizations 
ma Cable 3.1. 

The relative useful BW of the different finite gain 
amplifiers can be obtained by comparing the He 8 in Table 
5 EN Wy increases for a fixed Q,7 both amplitude and 
phase deviations of is from T; at a given frequency ee 
decreases. It is clear that C20A-1 and C20A-2 are the two 
most attractive configurations from the BW and stability 
considerations. 

The BW of a finite gain amplifier realized using a single 
Of sirinks approximately by a multiplying factor 1/k relative 


tO -i1ts Unity gain 3 dB BW(w, ). Also the optimum, maximally 


OL 


TABEE 3.2 
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C20A-] 
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C20A-2 


C204-3 


C20A-4 


VALUES OF & FOR MAXIMALLY FLAT ANP FOR Qp = 1, 


THEIR CORRESPONDING BANDWIDTH AND STABILITY 
CONDITIONS OF C20A'S IN THE FINITE GAIN 
APPLICATIONS 
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¥1+k 
Ww Unsatisfied 
l+k 
aa | Unsatistied 
v2(1+k) 
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flat, 3 dB BW using a cascade of two (single OA realization) 
finite gain amplifiers is obtained when each amplifier has 

a gain’k to realize an overall gain k. The resulting BW 
shrinks by ¥0.44/ 7k = 0.66/ Vk relative to Wis The C20A-1 
and C20A-2 circuits BW can be designed to shrink only by a 
factor of t/a for | (maximally flat) and greater 
than 1//”k for Q=1 (k>>1), [Ref. 21] In addition, the 
C20A's require two accurate gain determining components with 
four in the cascade realization. Figure 3.8 shows the 
improvement by comparing the BW's obtainable in these 
different cases. 

Comparing the experimental results of negative finite 
gain amplifier realization [{Ref. 20] with those of the 
single amplifier Be eh ones illustrates the considerable 
improvement in the useful BW, without sacrificing any of the 
Single OA attractive features, namely, the low sensitivity 
to circuit elements and power supply variations, stability 
and versatility. The sensitivity and stability properties 
of the differential finite gain amplifier using C20A-2 
(Figure 3.6) can be shown to be similar to those derived 
for C2Z0A-2 in positive and negative finite gain amplifica- 
tion above. To illustrate the usefulness of the derived 
C20A's a common application is chosen; namely, negative 
finite gain amplification. The performance of the C20A-1 
and C20A-2 in this application is compared with some of the 


best recently reported negative finite gain realizations. 
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Figure 3.8 Theoretical Frequency Response of Negative Finite 
Gain. Amplifiers Realized Using Single OA, Two 
Cascaded Single OA's, and C20A-1 for Negative 
Gain of 100 (assuming OA GBWP = 1 MHz) 
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PHemts. 22, 23] The results are shown in Figure 3.9 for 
nominal gains >>l for practical reasons Since as k 
increases the useful bandwidth shrinks and extending the 
Operating frequencies becomes more important. The results 
in Figure 3.9 show clearly the excellent gain and phase 
performance of the proposed realization. 

The use of CNOA's is a contribution to the effort to 
extend the useful operating frequencies of linear active 
networks. The BW extension is achieved by replacing each 
of the single OA's in the active realization by a composite 
OA (CNOA). After this brief introduction to the general 
technique for the generation of C2UA's (N = 2); examples of 
C2Z20A's were discussed concerning their performance 
characteristics. The C20A's met stringent performance 
characteristics for extended BW, stability with one and 
two pole models, cey ice dynamic range, etc. The C20A's 
tested in this thesis were C20A-1, C20A-2 and C20A-4. 

The composite amplifier C20A-3 was not tested as theory 
states a value for ©% can on be found to make C20A-3 max- 
flat (avoiding overshoot/undershoot conditions). 

Due to the improved active and passive sensitivities of 
linear networks employing any composite amplifier, an 
interesting application emerged. The fact that the 
performances of such networks were found to be less 
meieeteca by the degradation in active elements parameters, 


lems 1tself to radiation hardening applications. In the 
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Figure 3.9.a Amplitude Frequency Responses of Negative 
Finite Gain Amplifiers 
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Fiqure 3.9.6 Phase Responses of Negative Finite Gain Amplifiers 


Figure 3.9 Comparison of the Negative Finite Gain Amplifiers 
Using C20A's with the State of the Art jTwco-OA's 
Pealizal1OnSe) Ofme ee elestiize) 
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following chapter, experimental results will demonstrate 
the improvement of circuit behavior in radiation environments 
one can gain using composite amplifiers; without the need 


of hardened devices. 


od 


IV. PROGEDURE 


A. INTRODUCTION 

The purpose of this chapter is to describe the techniques 
used to gather the results and data which are reported in 
the following chapter. As the focus of this thesis is on 
the reaction of operational amplifiers to radiation, the 
first subject that will be addressed is the sources of cee 
radiation. The primary source was the linear accelerator 
at the Naval Postgraduate School; the slight modification 
in calculations to accommodate the Situation for the linear 
accelerator at the Jet Propulsion Laboratory are also 
addressed. The characteristics of the amplifiers that were 
measured and the methods of measurement are then introduced 
to the reader. The effect on bandpass filters incotporataee 
amplifiers were also examined. The procedures used for the 
room temperature and current annealing experiments were also 


presented. 


B. THE NAVAL POSTGRADUATE SCHOOL LINEAR ACCELERATOR 

The linear accelerator (LINAC) at the Naval Postgraduate 
School was built to emulate those developed at Stanford 
University in the early 1950's. [Ref. 24] The LINAC is a 
traveling wave type accelerator; it is a disk loaded 


circular wave-guide device that has its thirty foot length 
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Boeerated into three ten foot sections. A series of three 
klystrons are used to accelerate electrons to relativistic 
energies of 15MeV to 100MeV (Figure 4.1). 

‘The experiments using the LINAC utilized only 30 MeV 
electrons, consequently only one Klystron was required. The 
LINAC pulses sixty times per second with a pulse duration of 
approximately one microsecond. The target of the electron 
beam is located inside a vacuum chamber (vacuum held at 1 
utorr). The electron beam is focused onto the target by 
adjusting the magnetic fiélds of guadrapole magnets. To 
caemre the beam iS Of a correct size it is first focused 
PoEemampuOspnor screen with one-half centimeter reference 
grid lines. The phosphor screen is attached to an aluminum 
mounting device (referred to as a ladder) and is aligned 
above the bakelite board that holds the Bipolar and JFET 
devices. 

A closed circuit television camera displayed a picture 
of the beam stri-ing the phosphor screen. By uSing a 
grease pencil to mark the outline of the beam on the 
television monitor, a target area was established into 
which the device to be irradiated was moved by raising 
the ladder. During these experiments, the beam was shaped 
to include the entire device package; areas of roughly 
one-half to three square centimeters. Once the electron 


beam was properly focused onto the phosphor screen, the 
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Figure 4.1 LINAC Configuration 
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beam was turned off and the ladder raised until the device 
to be irradiated was in the proper position. 

For the purposes of this experiment the phosphor screen 
was considered to be "seasoned", therefore the beam area 
aS shown on the television monitor was considered to be 
accurate. For a new phosphor screen, the bright spot of the 
focused electron beam can appear to be 25% larger than the 
actual beam area, [Ref. 25] For a seasoned beam, the error 
decreases to zero. 

Electron fluence (the number of electrons that pass 
through a given area) iS measured by utilizing a secondary 
emission monitor (SEM) which is located inside the target 
chamber. The SEM records the electrons striking it by 
measuring the voltage developed across a capacitor that is 
charged by the impacting electrons. The voltage across the 
capacitor is measured with a voltage integrater circuit. 
The total number of electrons that have passed through the 


SEM is determined by: 


N = Q/q (eqn 1) 


N = the total number of electrons 
Q = the beam charge 


the charge per electron 


Ke) 
it 


ol 


Earlier scattering experiments utilized a Faraday cup to 
calibrate the large SEM. The large SEM had an electron 
collection efficiency of 6%,[Ref. 26] The Faraday cup was 
removed and the large SEM has.become the standard for 
electron beam fluence. The work depicted in this thesis 
utilized a small SEM. The small SEM was calibrated with the 
large SEM and determined to be 2.6% efficient at collecting 


electrons. As the) charge relationship tomea, capacusons o- 


Q = CV 

Q = charge 

C = capacitance 

V = accumulated voltage on the capacitor 


Equation (1) for finding the total number of electrons 


becomes: 


N = CV/(0.026q) (eqn 2) 
To determine fluence (number of electrons per unit of area), 
both sidesof equation (2) are divided by the beam area (A), 


and the fluence then becomes: 


@= N/A = fluence = CV/(0.026qA) (eqn 3) 
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® = fluence 

C = capacitance of capacitor in SEM 
A = area of beam 

V = voltage on the capacitor 


q = charge of an electron 


The 30 MeV electron beam energy level was chosen as the 
LINAC was not as accurate as desired at lower energy levels. 
Lower energy levels would have been useful for testing of 
the Bipolar devices. To achieve a proper range of dosage 
levels for the Bipolar devices, tests were made utilizing 
the eel emtor at the Jet Propulsion Laboratory (JPL) at 
the aibinorn ia Institute of Technology in Pasadena, 
Peabmeoriiins, The JPL accelerator utilized electrons 
accelerated to a level of 1 MeV. The lower charge of the 
JPL beam permitted a greater degree of control during testing 
of the more sensitive Bipolar devices. The 30 MeV energy 
level was acceptable for the JFET devices and permitted 
a full range of testing (from no perceptable radiation 
damage to total destruction). 

The dose of radiation energy given to each device was 
calculated using the following procedures to calculate a 
value of voltage to be measured on the SEM capacitor for each 
JFET device. The fluence was established by using equation (3). 
The fluence was then used in equation (4) to determine the 
dosage of energy received by the devices expressed in Rads, 


(Ref. 4] 
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R = (1.737x107°) ((1/0)(dB/dX)) (eqn 4) 
R = Rads for silicon 
® = fluence 


((1/°)(dE/dX)) = stopping power 


The rads (R) reflect the energy deposited in the devices 
irradiated. One Rad is equal to 100 ergs/gram of energy 
deposited in the irradiated material. The fluence is 
calculated with equation (3) based on the voltage measured 
across the Known capacitor in the small SEM and the area 
of the beam. The stopping power is a function of the 
material and the energy of the bombarding electrons. The 
value of the stopping power for silicon and a 30 MeV beam 
is 1.75 Meveeney ental Re tmmeqd 


Example calculation: 


® = R/((1.737x107°)( (1/0) (dE/dX))) 
Buses aarlO Mena 
C= FO amex 107° Farads 
—19 
q = 1.602 x 10 Coulombs 
V = Volts 
A= 1 ane 


((1/@)(dE/aX)) = 1.75 MeV—-em* /gram 


+4 
6 = ee eo 


(1.737x107°)(1.75) 


rn 
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vy = 2(.026qa) _ 3.2897x10°°*(0.026)(1.602x107"*) 
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) 
(a05a10-—-) 
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il 
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To calculate the fluence for the 1 MeV accelerator at 
JPL, a stopping power of 1.55 MeV-cm2/gram was eed [Ref. 28] 
in Sanecion (4) with the desired Rad level given. The 
resulting value for fluence was then used to control the 
settings on the JPL linear accelerator. 

The level of Rads chosen at JPL and NPS was based on 
indications of previous thesis work and experimental results. 
At NPS. a Rad level of io 2 Rads was used as the starting 
point for the irradiation of the JFET amplifiers. The level 
of Rads was increased by a factor of 10 until a final level 
Out ino Rads. At 1x10°° Rads the JFET amplifiers 
experienced total destruction by radiation. An interesting 
result of this process was that the JFETS sustained (with 
one important exception) only a relatively fixed range of 
reduced performance as the radiation was increased in the 
LINAC. The level of damage remained in a general narrow 


range until the Rad level reaches a limit that causes the 


final destruction of the device. 
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+ 
An extra test at 3.33x10 g Rads was executed to verify 


that the damage level remained ina fairly stable region 


until failure occured, The teste av QeeosteGn na ome ener 


that conclusion. On the 3.33x107 ’ Rads test one of the JFET 
amplifiers was completely destroyed while the other survived 
to show a lose of performance within the range of loses 
recorded during pervious experiments. As the primary purpose 
of this thesis iS a comparison of composite amplifier to 
Single amplifier performance; further eens to more 
precisely define a range of expected anes is left for 
future researchers. The one test where damage was sustained 
by a JFET outside the general range of damage developed by 
these experiments occured at 71 OMe Rads. The results from 
this test were particularly useful for comparing the per- 
formance of a damaged single amplifier eee of a damaged 
composite amplifier and will be elaborated on in that 
section of this thesis that compares the changes in their 

3 dB levels after irradiation. 

The Rad levels at JPL were advanced by a factor of 95 
vice 10 as the Bipolar devices were expected to be more 
sensitive to radiation damage. The Bipolar devices also 
exhibited a tendency to sustain damage within a certain 
range up to the point where a drastic change occured in 
the performance of the device (destruction for the JFETS). 
For the Bipolar devices, the final level of change due to 


radiation damage was either destruction (as with the JFETS) 
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or a drastically increased level of performance. The 
increase in performance consisted of an increase in the 

3 dB bandwidth of single amplifiers by up to 7.59:1. The 
dramatic increase in bandwidth for Bipolar devices due to 
radiation also presents an interesting subject for further 
research as a possible means of greatly increasing the 
performance of electrical components without changing their 


basic design. 


C. HALF POWER POINT 

The primary trait that was evaluated/compared for both 
the single and composite amplifiers was the half power or 
3 dB point. The 3 dB point was measured prior to 
irradiating the devices in the single and composite 
configurations; after irradiation the 3 dB points were 
once again measured for both single and composite amplifiers. 

The half power (or 3 dB point) occurs when the output 
power of the amplifier has dropped to one half its original 
value (hence 3 dB point as 10 log .5 = 3 dB). Power is a 
function of voltage squared, therefore when the output 
voltage reaches approximately 5/7 of its original value the 
power will be half its original value (as (5/7) squared is 
roughly 1/2). 

The process used to measure the 3 dB point was to set 
the input frequency low enough to ensure that the voltage 


gain of the amplifier was not affected by the frequency, 
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and to then adjust the oscilloscope to have the output wave 
form cover seven verticle voltage gradients (peak to peak 
voltage of a sine wave). The frequency was then increased 
until the wave form only covered 5 vertical voltage 
gradients. At this point, the output voltage is 5/7 of its 
original value and the power is 5/7 squared or approximately 
one half the original power. Consequently, our frequency 
reading at this point is the half-power or 3 dB frequency. 

It is the 3 dB point that is being used as the primary 
measure of performance. The comparison of 3 dB points is 
made between single and composite amplifiers, both with and 
without radiation damage. 

For the single amplifier, the 3 dB point is an uncom- 
plicated matter of measuring that frequency at which the 
out put voltage has reached 5/7 of its original value. See 
Figure 4.2 for the diagram of the circuit Weed to measuresime 
3 dB point for single as well as composite amplifiers. In 
both cases three values of finite gain kK were used to achieve 
a high, medium, and low gain measure of performance. The 
values of kK were the same for both single and composite 
amplifiers to achieve a measure of performance at the same 
gain levels. 

In the case of the composite amplifier configurations, 
another factor had to be considered in the measuring of the 
3 dB point; it was necessary to ensure that the output of 


the amplifier was in a max-flat configuration. By adjusting 
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eal 


Figure 4.4 Circuit for Measuring 3dB Points 
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the value of alpha to properly balance each k value, a 
max-flat configuration is reached when the gain character- 
istic of the composite amplifier remains at a constant 

level while the frequency is increased until the 3 dB point. 
The composite amplifier will then start to lose its gain as 
the frequency increases until it reaches the 3 dB point. 

The object is to avoid a sudden increase in gain (overshoot ) 
just prior to the 3 dB point and its associated drop in 
Poiteaee gain. It is also desired to avoid a too rapid decent 
in Aerie prior tosthe 3 dB point (uindershoot ): 

The method used for each of the three composite 
amplifiers was to set a desired value of k (which also sets 
the gain for the composite amplifier) and then adjust alpha | 
through a range of values that permit a steadily decreasing 
amount os overshoot. When the alpha value is reached where 
the overshoot has just disappeared prior to the steady 
reduction in gain due to the 3 dB point; then the alpha 
value for max-flat operation has been determined. Figures 
4.3 and 4.4 give a comparison between calculated and 
experimentally determined values for alpha that produce a 
max-flat performance. The calculated values of alpha were 
the result of operations as shown in Figure 4.59. 

While it was not expected to achieve max-flat operations 
for a gain of 100 (k = 100), max-flat operations were 
eventually achieved for C20A-4 at k = 100. The actual 


values for alpha were closer to the calculated values of 
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k* = 100 k=24 k=15 


gain 
a * a a a a 
1 2 i 9 1 9 
CZ2@A-1 6.105 re 2° DiaD yao Poole Oo wee 
C20A—-2 6.105 ae a 2.050 Lao oO T.SO26 wee 
C20A-4 201 3.4 Meg 49 759 OF 631 
ohms 


Alpha 1 = calculated value 
Alpha 2 = actual value 


* = all values of k and alpha are in kilo-ohms unless 
indicated otherwise 


** = could not achieve max-flat operations at k = 100 as 
expected [Ref. 29] 


Figure 4.3 Alpha Values Calculated vs. Actual (for 
JFET Devices) 
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k* = 100 k=24 k=19 


gain 

ok 

a a O O 

1 2 1 2 wy 9 
C20A-1 6.105 oc ZS Dee Fo) 1 oS 1.600 
C2Z08=2 Grakes eet oes OmecieeS 1.823 1.428. 
C20A-4 201 1.8 Meg 49 1 Meg ou 400 

ohms ohm , 


Alpha 1 = calculated value 


II 


Alpha 2 actual value 


* = all values of k and alpha are in kilo-ohms unless 
indicated otherwise 


** = could not achieve max-flat operations at k = 100 as 
expected [Ref. 29] 


Figure 4.4 Alpha Values Calculated vs. Actual 
(for Bipolar Devices) 
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(1+) ul 

C20A-1 Q= i Oman O7 CY eli yell 
V 1+k o 

C20A-2 pee) ae eGR OT) (aye) 
Y 1+k 

= CED, , —_ (1+k) 
e204=4 Q=/ ay c eee 
Q = .707 to achieve max-flat operations [Ref. 29] 


wl = bandwidth of amplifier in position Al for k 


w2 bandwidth of amplifier in position A2 for k 


Z= wl/w2, generally wl and w2 were essentially the same, 
therefore for these calculations Z=1 


Figure 4.5 Calculations for the Value of Alpha 
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alpha for the bipolar devices than for the JFET devices; both 
JFET and bipolar amplifiers generally followed the expected 
pattern of decreasing value for alpha as indicated by the 


calculated values of alpha. 


D. SLEW RATE 

Another oa that was evaluated for the affects of 
radiation was the slew rate. The slew rate is defined as the 
maximum rate of change of the output voltage, with respect to 
time, that the amplifier is capable of producing [Ref. 30]. 
Slew rate is normally measured in volts per microsecond. 
The method of measuring slew rate utilized in this research 
was to apply a square wave to the input of the circuit in 
Figure 4.6. The gain of the circuit is one, the affect of 
the amplifier on the wave was to alter its shape from a. 
square to a truncated triangular wave form. The slope of 
the sides of the output wave form Se88 the slew rate. The 
Slew rate was measured prior to irradiating the devices and 
after the devices were exposed to radiation. The slew rate 
was always measured on the trailing edge of the wave form. 
The composite amplifier follows the single amplifiers that 
form its components for slew rate, only the slew rate of 


Single amplifiers was measured during this research. 
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R = R = 1000 ohms 


Figure 4.6 Circuit for Measuring Slew Rates 
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E. BANDPASS FILTER 

Another area of research was an inquiry into the 
affects on the characteristics of bandpass filters (BPF) 
when they are exposed to radiation. The affects on BPF's 
were examined for both single and composite amplifiers; 
see Figure 4.7 for the diagram of the circuit used for the 
BPF. The composite amplifier used for the BPF was the 
C20A-4 (Figure 4.8). 

The basic characteristics of the single/composite 
amplifier BPF's were measured prior to and after Gadvariren. 
The basic characteristics of the BPS measured in this 
experiment were: central frequency webandwidth, sana. G. 
factor. 

The central frequency is defined as the frequency at 
which the filter achieves its highest gain [Ref. 30]. To 
determine that frequency experimentally, a sine wave was 
used as the input to the circuit on Figure 4.7. The output 
of the circuit was then displayed on an oscilloscope. The 
frequency of the input was adjusted until the output wave 
form had achieved its highest amplitude; that frequency 
was then designated as the central frequency. 

The bandwidth of the frequency specifies the band of 
frequencies that the bandpass filter will allow to pass 
without more than 3 dB of attenuation rete Ol. ees 
the lower and upper 3 dB points of the SPF cutpurt irequcne, 


spectrum that determine the size of the bandwidth. The 


LO 





Ry = Ro = 1000 ohms 


Q. 


Soo eons 


C, = Cy A = OU 


Figure 4.7 Bandpass Filter Using Single QA's or C20A-4 
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Figure 4.8  C20A-4 Composite Operational Amplifier 
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procedure used to measure the bandwidth consisted of first 
locating the central frequency, then finding the upper and 
lower 3 dB points. Once the central frequency was located, 
the oscilloscope was adjusted until the wave form of the 
output covered seven vertical gradients. The frequency 

of the intput was then adjusted until the output waveform 
only filled five gradients; indicating the frequency for the 
3 dB point had been reached. The difference between the 
upper and lower frequencies for the 3 dB points determined 
the bandwidth of the filter. 

The final factor is the "Q"' factor of the filter. The Q 
eosGeremdcremmimen  byedliViding the central frequency by the 
bandwidth. The Q factor indicates how selective the BPF is; 
the higher the Q, the smaller the Beane and hence the 
narrower the filter. A high Q value indicates a more 
selective filter than a low Q value. 

Two central frequencies were used to evaluate the effects 
of radiation on active filters utilizing amplifiers. The 
two central frequencies permitted evaluation of radiation 


damage effects at different frequency ranges for the BPF 


circuits. The theoretical value for the first frequency is: 
fo = central frequency 
R = resistance = 1x107° ohms 
C = capacitance = 300x10 +7 farads 
k = 80 


a2 


27(1x10°%)(300x10727) Y 1480 


56 Oxil0m ame 


fo 


FO 


The second frequency was achieved by reducing the capacitance 
to 150x1072° farads. Halving the value of the capacitance 
was achieved by placing two 300 pf capacitors in series to 


achieve the same results as using a 150pf capacitor. The 


second frequency was: 


fow=uei7’, Secon 


The theoretical value for Q is found from: 


The radiation damage effects when BPF's are designed 
with amplifiers was studies for the JFET devices. The JFET 
aes were used since they were irradiated on the LINAC 
at NPS and the time was then available to conduct more 
extensive testing. As the time for testing of the Bipolar 
devices at JPL was Tome limited, the BPF filters reactions 


to radiation was not tested at JPL. 


F. ANNEALING 
The effects of two types of annealing were examined 
during the course of the radiation experiments. The first 


method of annealing was room temperature annealing. The 


8O 


characteristics of the single and composite Ane ers were 
measured prior to irradiation and at set intervals up to a 
week after irradiation of the devices. The object of the 
measurements was two fold: first to reflect immediate 
radiation damage and second to record the extent to which 
the devices continued to deteriorate or recovered with time. 
The second method of annealing was an attempt to generate 
a recovery of the devices capabilities by heating the devices 
with a constant current (as opposed to an oven). The value 
of current annealing is that current annealing is a possibility 
in space; oven annealing would not be very practical (i.e., 
Lien Or bivingwsarellite )" For the current anflealing 
experiments two devices were tested. Each device had its 
output grounded and its input connected to +13 volts causing 
a constant current to flow through the device. The devices 
BP erecisties were measured at deprerent intervals until 


they finally burned out. 


81 


Ve eG i 


A. SLEW RATES 

Slew rates were investigated for both JFET and bipolar 
amplifiers. In general, the slew rates of JFET amplifiers 
suffered more degradation as the radiation levels were 
increased during the tests than the bipolar amplifiers. 
For both types of amplifiers, the slew rates continued to 
degrade over the period of time that measurements were 
taken after subjecting the amplifiers to radiation. 

The JFET slew rate at the lowest radiation level 
degraded at the slowest rate and took the longest period of 
time to reach its lowest value (1 week). The fastest and 
most complete degradation occurred at the higher radiation 
levels. In the case of 3.33 Dc 10°! Rads, one of the JFET 
devices was completely non-functional when tested 
immediately after being irradiated. 

For the bipolar devices the wesee were focused on 
reaching a point where radiation caused a significant 
change in the 3 dB frequencies. Consequently, the lower 
levels of radiation damage were not examined extensively. 
The bipolar tests were limited by the time available on 
JPL's linear accelerator. The level of damage to the 
devices was monitored after each exposure to radiation to 


find the best level to demonstrate the difference between 
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Single amplifier and composite amplifier performance. When 
a desired level of radiation damage/change was found (at 
o xX ome Rads), the amplifiers were tested extensively to 
determine their operating characteristics over time. 

The slew rate experiments for the bipolar devices 
produced interesting results. It was expected that 
radiation damage patterns as evidenced by the JFET's would 
be repeated for the bipolar devices. Instead of a steadily 
increasing level of degradation of -slew rate with 
increasing adeiwamenl: the opposite pattern was noted during 
the bipolar device experiments. 

For the bipolar amplifiers, the slew rate degraded beyond 
the level of the JFETs for the lower range of ox i0°* Rads , 


+ 
OW daxe 0 2 Rads. The level of degradation was 90%! Once 


the 9 x i#gne Rads level was reached the level of slew-rate 
degradation improved greatly to a maximum of only 50%. At 
o xX 10°° Rads the bipolar SBReHRSys also more closely 
followed the JFET amplifier performances during which the 
total reduction in slew-rate occurred over a longer period 
of time (1 week). 

The unusual performance described in the above paragraph 
would be a good point of departure fac an evaluation of the 
physics involved in the irradiation process. The unusual 
Slew-rate degradation would be of particular interest if it 


could be studied under conditions that approximate space. 


By uSing space conditions and energy levels for the 
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bombarding particles to be expected in space, it should be 
possible to predict the long term effects on the slew-rate 
of linear and digital devices in space. The knowledge of 
specific data regarding slew-rate changes under radiation 
could be useful for any digital design that is primarily 
intended for high radiation areas. Such specific slew-rate 
investigation is beyond the scope of this thesis. 

The evaluation of slew-rate under radiation served two 
basic purposes for this thesis: one, to verify that 
DES on induced changes were in fact occurring; and two, 
to search for an obvious radiation level to slew-rate change 
relationship: 

The first purpose was well served as 39 dB frequemicics 
often did not change dramatically; and it was the definite 
change in slew-rate that served to verify that radiation 
damage had in fact occurred. | 

The secondary i of investigating slew-rate changes 
was that it provided interesting data about the apparently 
unpatterned changes in slew rate as a result of exposure to 
radiation. The data provided, while very thought-provoking 
does not lead to straight-forward conclusions but rather to 
further, protracted investigation outside the sphere of this 
thesis. 

No effort was made to compare slew-rates for composite 


and single amplifiers, as composite amplifiers take on the 
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Slew-rate of the component amplifiers. Consequently, composite 
amplifiers would have the same slew-rate as the component 
Single amplifiers. 
B. THE 3 dB FREQUENCY BANDWIDTHS FOR SINGLE AND COMPOSITE 

AMPLIFIERS 

The major focus of this thesis is to compare the 
operational performance of radiation damaged single amplifiers 
to radiation damaged composite amplifiers. The primary means 
of comparison chosen was the 3 dB frequencies for the single 
and composite amplifiers. It was expected that for both non- 
radiated and irradiated states the composite amplifiers would 
Pa oelieheresesdB irequencies. It was also expected that the 
composite amplifiers would reflect radiation damage in their 
3 dB frequencies at a slower rate than single amplifiers; the 
3 dB frequency would not decrease as quickly for composite 
amplifiers as for single amplifiers. 

For the JFET amplifiers these expected results were found 
to be true; the bipolar amplifier experiments, however, had 
an distal result. The bipolar amplifiers evidenced a slow 
decrease in 3 dB frequencies with increasing radiation until 
the 5 x one Rads level was reached in the experiments. At 
Ghat poins, the 3 dB frequencies for both single and composite 
amplifiers increased dramatically. For some of the JFET 
amplifiers there were slight increases in 3 dB frequencies 


for short periods of time; the increases for the JFETS were 
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very small and of very short duration when compared to the 
bipolar devices. However, the general performance rela- 
tionship of composite and single amplifiers remained as 
expected (with composite amplifiers out performing single 
amplifiers). 

The comparison of single FJET amplifiers to composite 
amplifiers followed the general expectations of how the two 
types of amplifier perform. The single JFET amplifiers 
showed a steady decrease in 3 dB frequencies (with one 


“- 
exception at 1 x 10 : 


Rads) as the radiation energy was 
increased. The damage to the single amplifiers appeared to 
stay ina definite range until the amplifiers reached a point 
of total failure (Figure 5.1). The exception ene general 


s Rads where one single amplifier 


trend occurred at 1 x 10° 
(E1) experienced a much larger drop in 3 dB frequency than 
shown by the other single amplifiers tested at all radiation 
levels. The amplifiers that were tested at l x fo7® Rads 
will be examined in detail since the large deterioration in 
performance of E1 permits the clearest comparison of. single 
amplifiers performance to composite amplifiers performance. 


6 Rads lost 54% of tgs 


The Single amplitier (Clin met i iesiCn 
3 dB frequency vice the 23% loss that was the maximum loss 
for all the other single JFET amplifiers (Figure 5.1). The 
large loss for El made the composites formed of E1 and E2 


the clearest example of the improved performance of the 


composite amplifiers. The composite amplifiers not only 
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Single Rads 


gain (k) 100 24 15 

Amplifiers 
D 3% 17% 8% 1x10" 
E 39% 44% 54% ie toe 
F 11% 23% 10% : 1x10° 
HO | 5% a7 3%, es ok 
I 3%, 0% 3% 3.33x10" 
G 100% 100% 100% 1x10° 


Figure 5.1 Maximum Drop in 3 dB Frequencies 
JFET 


oy 


exceeded the single amplifiers in pre-radiation performance, 
but they also suffered a smaller loss in performance than 
the component single amplifiers after irradiation. 

The composite amplifiers consist of three configurations 
(Figure 5.2), each configuration will be addressed separately 
as to its performance in comparison with its component 
Single ampolifiers (E1 and E2). 

The first composite amplifier is the C20A-1 composite 
amplifier (Figure 5.2a). For this composite amplifier; the 
eaauenion actually caused the 3 dB frequency to increase 
from 1% to 14% when E1 was in position Al of Figure 5.2a. 
When the more heavily damaged single amplifier Bl wassinetae 

-A2Z positton of Ficure oe2a) tts influence was more apparent 
on the composite amplifier and the 3 dB frequencies dropped 
to 82% of preradiation performance at a gain of 100 and 
Oneal to 69% (worst case) of the composite amplifiers 
pre-radiation performance at a gain of 19. The drop in 
performance for the single amplifier El was more dramatic; 
at a gain of 100 it only retained 6% of pre-radiation 
performance and at a gain of 15 (worsteerse) at's 3 db 
frequency had fallen to only 46% of its pre-radiation 
performance (Figure 5.3). The effects of radiation on El 
and the subsequent damage to the composite amplifier formed 
of Ei (El in its most influential position A2) and E2 are 
reported in Figure 5.3. FromePicumece on oeaeeoc lean sac 


the composite amplifier had less degradation in performance 
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Figure 9.3 Radiation Damage Results 
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than the single amplifier (El). The composite amplifiers 
Operating at 1//x of its pre-radiation performance; while 
the single amplifier operated at 1/x of its pre-radiation 
performance. 

Theory indicates that where a single amplifiers' 
performance is reduced to 1/x of its original performance; 
the composite amplifier that employs such single amplifier 
will suffer a performance reduction of 1/”’x of its "era cinal 
Capability. From the results reported in Figure Baan 
depicts the worst degradation of performance for both: single 
and composite amplifiers) it is clear that the measured 
results for the C20A-1 composite amplifier support the weenie 
theory. The reduction in capability of the C20A-1 composite 
amplifier occurs only when the more heavily damaged single 
amplifier is in the dominant position A2. 

Comparing C20A-1 to its component amplifiers prior to 
irradiation (Figure 5.4) illustrates the difference in 
pre-radiation performance very clearly. The composite 
amplifier has a larger 3 dB frequency than its component 
impeters by a factor of 3.33:1 to 5.32:1. Depending on 
the gain level chosen, the composite amplifier has a 3 dB 
frequency that can be more than five times as large as its 
best component amplifier (Figure 5.4). Consequently, it has 
more capability to resist radiation damage than its 
components; and when the composite does lose capability it 


does so at a Slower rate than its components. 
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The results of evaluating El and E2 in the C20A-2 
configuration closely follow the evaluation for C20A-1, 
except that the amplifier in position Al of Figure 5.2b 
dominates the composite amplifier. The 3 dB frequency 
performances for gains of 24 and 15 were within 5% of 
calculated values. Only the 3 dB frequency for the high | 
gain of 100 had a difference of 16% from the calculated 
performance, a Situation that is off-set by the general 
performance of C20A-2. While C20A-2 did not follow theory 
as close as C20A-1, the nonradiation 3 dB frequencies for 
C20A-2 were as much as 8% higher than the nonradiation 
values for C2Z0A-1. Additionally, roughly half the post 
radiation test values for 3 dB frequency Garé higher for 
C20A-2 than for C20A-1. 

On balance, it would appear, the two composite circuits 
performed on roughly an equal footing. Further research 
into the nor ornanee of C20A-2 could yield enough perfor- 
mance data to make it possible to design devices that could 
use its higher 3 dB frequency characteristics to good 
advantage. 

The composite amplifier C20A-4 (Figure 5.2d) is primarily 
nSacUmenmeriberine applications since it™was designed for 
maximum phase compensation; consequently it is not performing 
purely as an amplifier, and its performance does not reflect 
the performances of C20A-1 or C20A-2. The preradiation 


performance of C20A-4 does reflect an increased 3 dB 
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frequency by at least 10% and that the amplifier in position 
A2 of Figure 5.2d dominated the function of the composite 
amplifier. Once C20A-4 was exposed to radiation its 
performance was essentially the same as the single amplifier 
occupying the A2 position of Figure 5.2d. 

The pre-radiation performance of the bipolar amplifiers 
Supported the findings for the JFET amplifiers in that the 
performance of the composite amplifiers greatly exceeded the 
performance of the single amplifiers. 

For the C20A-1 and C20A-2 composite amplifiers, which 
are designed to primarily function as gain amplifiers, the 
composite amplifiers out performed the single amplifiers. 
The two composite amplifiers composed of bipolar transistors 
exceeded the JFET performance for the higher gain of 100 
(Figuress5. 33ndas.4); but were below the JFET performances 
at gains of 24 and 45. The C20A—4\cempositemamplit tome 
performed at roughly the same level for both bipolar and 
JFET amplifiers. (Figures 5.3 and 5.4) 

The 3 dB frequency responses of the irradiated bipolar 
amplifiers followed an expected slow decline in value until 
the sradiation weachedeine sex iigp° Rads level. At this 
point, the 3 dB frequency did not decrease but, in fact 
greatly increased over its original value. The increase 
in 3 dB frequencies was evident in both the single and 


composite amplifiers (Figures 5.5 and 5.6). While both 
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Figure 9.5 Non Irradiated Performance 
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Figure 5-6 Single Bipolar Amplifier Increases of 
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3 dB Frequency with Radiation (fourteen) 


the single and composite amplifiers increased their 3 dB 
frequencies, the composite amplifiers increased in capability 
by a higher percentage (Figures 5.5 and 5.6). 

The increase in the performance of the bipolar 
amplifiers was not an expected event. The performance 
actually increased in two areas: the slew rates had less 
radiation damage than at lower levels of radiation; the 3 dB 
frequencies increased over the pre-radiation performance 
(Figures 5.7 and 5.8). The composite amplifiers generally 
performed as well or better than the best increase of the 
component amplifiers. However, the dramatic increase in 
3 dB frequencies for the bipolar devices at 5 x tone Rads 
is particularly significant because the stable (one bear 
after test) slew rate performance was as little as 19% 
“lower than the preradiation performance (Figure 5.9). In 
fact the total performance of the single component amplifiers 
of composite amplifier 14 at 5 x on Rads had a 3 dB : 
frequency increase as high 6.18:1 at a cost of the slew rate 
dropping to only 744 of 81% of its preradiation value. It 
would appear that it should be possible to design circuits 
that allow for the slower slew rates while utilizing the six 
fold increase in 3 dB frequencies. Equally interesting was 
a short improvement in slew rate (54 faster) that occurred 
at the 48 hour point after the radiation test for composite 


amplifier 14. The brief improvement in performance at 48 


heume. and the obvious differences in final post radiation 
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Figure 9.¢ Radiation Changes 
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Figure °.8 Bipolar Slew Rate Performance 
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slew rates for composite amplifiers 14 (74% to 81%) and 15 
(48.4% to 49.2%); indicate that further research at more 
finely tuned radiation levels is needed, but it may be 
possible to produce something near to a "super" single 
amplifier. The irradiated "super" amplifier could retain 
nearly all of its slew rate, or even improve its slew rate; 
while it simultaneously increased its 3 dB frequency by 6 
fold. The fascinating improvement in performance at the 
6 


+ 
oD x 10 Rad level is left to future research in the physics 


of silicon devices to explain. 


©. BANDPASS FILTERS 

The JFET amplifiers were used to examine the performance 
of bandpass filters (BPF) after they had been exposed to 
radiation. Two different central frequencies were utilized 
in the BPFs to gain a enone test range of the performance 
of the BPFs. At each frequency, three basic characteristics 
were measured before and after radiation. The three basic 
characteristics were: central frequency ose bandwidth 
(BW) and Q factor (a measure of the selectiveness of the BPF). 
Each characteristic changed with radiation to some degree; 
Bored Gionatiy. there were differences in the performances of 
the single and composite amplifiers. The differences between 
the two types of amplifiers were particularly evident at the 
| 10°" Rads level of radiation; these differences will be 
elaborated upon as a means of further emphasizing the value 
of composite amplifiers over single amplifiers. 
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The central frequency is the mid frequency around which 
the BPF selects frequencies that it will allow to pass 
through the filter. It is desired to minimize the deviation 
of the central frequency with radiation exposure. 

The single amplifier central frequency showed a maximum 
change of 5.5% (Figure 5.10 based on the Appendix) for both 
central frequencies tested. The change in central frequency 
due to radiation was thus on a relatively small scale. 

For the composite amplifiers, the maximum change in 
central frequency due to radiation was 5.2% (Figure 5.10). 
The change in composite amplifiers central frequency was 
both better and worse than the performance of the single 
amplifiers; the performance varied with the radiation eveule 
In one regard the composite amplifiers did appear to perform 
better than the: single amplifiers. The composite amplifiers 
appeared to be more consistent in their percentage of central 
frequency variance than the single amplifiers (Figure 5.10). 
The central frequencies of the single amplifiers varied 
after exposure to radiation over a considerably larger range 
of values than the composite amplifiers. 

The change in central frequencies for the single and 
composite amplifiers were generally small. The greater 
consistency in variance of the composite amplifier; however, 
could be important for predicting performance in specific 


applicat loons, Ofeauls- 
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The bandwidth of the filter is the range ("band") of 
useable frequencies that the BPF allows to pass with 
minimum attenuation. It is desireable to have a stable 
bandwidth, and (depending on the function chosen) it can be 
desireable to have a highly selective bandwidth. 

The stability of the bandwidths of the single and 
composite amplifiers was generally good, with the single 
amplifiers having smaller changes in bandwidth after 
radiation Gaseqnnc o.10). The changes in bandwidth for both 
amplifiers that did occur had the effect of tightening the 
bandwidths (Figure 5.10). In this regard, the composite 
amplifier had the weer performance In@that the Bilge iaric 
cabo cites were narrowed by as much as 14% compared to a 
maximum tightening of 8.7% for the single amplifiers 
(Facurems 10) = 

An advantage of the composite amplifier is the smaller 
range of values for the changes in BW the composites 
experience with radiation. In that regard, it appears that 
the composites will change their BWs to a more easily 
predicted range (due to its narrowness) of values than the 
Single amplifiers. The combination of greater predictability 
and more tightening of BW, appears to indicate that the 
irradiated composite amplifiers could produce more selective 
(higher Q) BPFs for some applications than single amplifiers. 

The "Q" factor is a result of dividing the central 


frequency by the bandwidth of the filter. The Q thus 
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indicates the selectivity of the filter; a higher Q 
indicates a more selective filter. 

The irradiated Q values are primarily a function of BW 
as the BW experiences larger irradiated changes than does 
the central frequency. Consequently, the Q values of the 
composite amplifiers behave as did the BWs and are higher 
and more stable (smaller range of values) than those for 
the single amplifiers. The maximum change in Q due to 
radiation was an increase in selectivity by a factor of 20% 
at a radiation level of 1 x 107° Rads. Pemeiie Q@ values are 
a function of central frequency as well as BW, it is not 
Surprising that the maximum change in Q was different from 
the change for Boma éh . 

The difference in performance between the composite and 
the single amplifiers is clearest at the 1 x oa” Rads 
maetation Level. While the central frequency performances 
are about the same, the BW performances are very different; 
both factors are neatly reflected in the Q factors of the 
composite and single amplifiers. 

The Q@ values for the single amplifiers indicate a range 
of change in selectivity from a slight loss (-1.8%) to a 
small gain (+6.6%) (Figure 5.10). However, the composite 
amplifiers have a low increase in selectivity of (+7.82) to 
a high increase of 20.4%; a significant improvement over the 


performance of the single amplifiers. Further, the variation 


range of irradiated values of the composite amplifiers is 
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1/2 to 1/3 of that for the single amplifiers. The obvious 
conclusion is that the irradiated composite amplifier 
produces a Significantly better level of performance in a 
tighter (therefore easier to predict) range of values than 
the irradiated single amplifier. 

Additional radiation research near 1 x more Rads of 
radiation could produce more information on the extent to 
which BPFs can be tightened by exposure to radiation. Given 
the difference in performance between Single and composite 


amplifiers, it is apparent that the composite amplifiers 


are the best candidates for this research. 


D. CURRENT ANNEALING 

The result of the current annealing experiment was that 
the damaged amplifier did not recover any of its capability 
and that it "burned-out" after it had been passing its 
maximum current for eight hours. Craleeere a. bi) Pure mer 


research in this area is recommended. 
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Figure 95.11 Current Annealing Single Amplifier (E12) 
3 dB Frequencies (all frequencies x10 Hz) 


107 


VI. CONCLUSIONS AND RECOMMENDATIONS 


During the course of this thesis the slew rate proved to 
be a valuable indicator of the level of radiation damage 
experienced by the amplifiers; however a pattern of damage 
due to radiation could not be fully developed. It was the 
ee goal of this research to demonstrate that composite 
amplifiers were Superior to single amplifiers in a radiation 
damage environment due to their bandwidth characteristics; 

a goal that was achieved. Finally, the effects of radiation 
on bandpass filters that were composed of single and composite 
amplifiers,were evaluated for radiation induced changes. 

Regarding slew rate analysis, the JFET and bipolar 
amplifiers had radically different responses to radiation. 
The JFET ample rene had an expected general pattern Oak 
increasing loss of slew rate with increasing radiation until 
the slew rates were totally lost when the device was 
destroyed. The bipolar amplifiers had a 90% loss of slew 
rate until a higher radiation level resulted in a loss as 
small as 19%. As the two types of amplifiers were tested 
on two different machines and the machines were each operated 
at different energy levels, a comparison of amplifier types 
is difficult. However, it is interest mig omnere fio 
pattern of JFET slew rate damage was generally the opposite 


of the bipolar slew rate damage. 
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The slew rates did fulfill their most basic function of 
being an indicator that radiation was affecting the ampli- 
fiers. The indication of radiation affecting the amplifiers 
was important as the 3 dB frequency was not as sensitive 
to the effects of radiation. Consequently, the presence of 
Slew rate change would indicate the effects of radiation 
while the 3 dB frequency was still close to its preradiation 
performance. A general pattern of slew rate change with 
increasing radiation could not be determined by this research. 
It is clear, however, that a pattern did exist for each type 
of amplifier/accelerator; and further research could produce 
a more concrete relationship between slew rate and radiation 
levels. 

It is recommended that further research be conducted 
specifically in the area of developing a relationship between 
slew rates and radiation damage. Establishing a correlation 
to the type of radiation experienced in space or other high 
radiation environments would make the experiments more 
meaningful. With correlation to specific use, the testing 
for slew rate damage under radiation could then become a 
valuable tool for high radiation use oriented design of 
digital devices. 

The primary focus of this thesis was on the fact that 
composite amplifiers have larger 3 dB frequencies than single 
amplifiers. Additionally, composite amplifiers lose their 


3 dB frequency at a slower rate than single amplifiers; this 


Oe 


was another major area of testing in this thesis. Both 
points were proved valid: the 3 dB frequencies of composite 
amplifiers were shown to be as high as 6 to 8 times larger 
than those of single amplifiers; the loss of 3 dB fre- 
quencies was at a rate of1//’x for composite amplifiers while 
Single amplifiers lost 3 dB frequency at a faster 1/x rate. 
Consequently, the basic point that composite amplifiers have 
higher dB frequency than single amplifiers and that that 
capability is lost at a slower rate was amply demonstrated 
by this research. The significantly better performance of 
composite amplifiers makes them the preferred candidate over 
Single amplifiers for operations in a high radiation 
environment. 

In the course of researching the difference in perfor- 
mance between JFET and bipolar amplifiers an interesting 
result was observed with the bipolar amplifiers. The single 
bipolar amplifiers that were exposed to one of the higher 
levels of radiation (5 x toni Rads) actually increased their 
3 dB frequencies by a factor of six. While a significant 
increase in capability instead of the expected loss was of 
interest in and of itself; the fact that the slew rate 
Stabilized at up to 81% of its preradiation value made these 
results considerably more interesting. The slew rates had 
degraded to only 10% of their preradiation levels prior to 
the test at 5 x iol Rads. Consequently, a nearly total 
recovery of slew rate and a six fold increase of 3 dB 


frequency was observed. 
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It is recommended that further study of bipolar 
amplifiers at 5 x 10° Rads be made in an effort to deter- 
mine how much improvement is posisble in an amplifiers 
performance after being exposed to radiation. An interesting 
aspect of this portion of the experiment was that the slew 
rate actually increased over preradiation levels during its 
transient response prior to settling down at a less-than- 
preradiation level. The increase in slew rate, as well as 
3 dB frequency, indicates that it might be possible to 
develop a "super" hap ier 

Bandpass filters using single and composite amplifiers 
were cvaluated for the performance of their three basic 
characteristics before and after radiation. The three 
characteristics were central frequency, bandwidth and "'Q" 
factor. 

The central frequencies for both single MadteoubonTte 
amplifiers performed in essentially the same manner; both 
had a maximum deviation of about 5% from their preradiation 
levels. The bandwidths for both types of amplifiers became 
more selective of the center frequencies (narrower) when 
exposed to radiation. The composite amplifier filter narrows 
by a factor of up to 14% while the single amplifier only 
narrowed its bandwidth by a maximum of 8.72. 

The "Q" factor followed the performance of the bandwidths 
except that the Q indicated that the filter was more 


aa 
Eelecctive by a factor of about 204 at 1 x 10 2 Rads. 


dist 


For all three characteristics, the composite amplifier 
filter experienced a smaller deviation from the preradia- 
tion values than the single amplifier filter. Smaller range 
of change in characteristics for the composite amplifier 
filter tends to imply that the composite amplifier filter is 
more stable and its performance would be easier to predict. 

It 1s recommended that research in filter performance be 
extended at the 1 x 10*° Rads level. At this level, the 
composite amplifier filter had an increase in selectivity 
of frequency by about 20%. More detailed research at the 
if 5S Ole Rads level should develop the extent to which filter 
selectivity can be increased by radiation, as well as models 
for predicting change in eee ee with hanes in 
radiation. . 

In summation, it can be said that composite amplifiers 
out perform single amplifiers in a number of ways. The 3 dB 
frequencies of composite amplifiers are higher and tend to 
be decreased due to radiation damage at a slower rate than 
in single amplifiers. Additionally, radiation can actually 
improve the frequency selectanien of Cone ene amplifier 
filters to a Significant degree. Based on their general 
performance in this research, a composite amplifier would 


be greatly preferred over a single amplifier in a high 


radiation environment. 
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NO NO NO NH OO O 


BW 
2. 
2. 
24. 
20% 
Ly 
re 


27 
Ze. 
24. 
Oe 
Dee 
25. 


mo N NO N CO O&O 


No NY OO OO WW © 


Oo 
48 
273 
./0 
209 
15 


B69 
~44 
oo 
nao 
a/5 
75 


wan Oo Oo Oo OO 


ie 
.63 
Tom 
. 80 
OZ 
ee 


fo 
Non Rad 76.5 
Test 1 76.0 
1 hour 16n0 
10 hours. 7 720 
2 days nS 
1 week 77.0 
, fo 
Non Rad 84.2 
Test 1 84.0 
i near 83.5 
10 hours 84.2 
2 days 84.0 
1 week 84.8 
Non Rad S42 
Test 1 84.0 
1 hour 84.2 
10 hours 84.2 
2 days 84.0 
1 week 85.0 


£L 
Do. 
Dai. 
Dileye 
Gr 
DOr 
6% 


wn Oo Oo Wu Oo ws 


7 
F BPF x10° 


Rads 


Single Amplifier 


f0=118x10°Hz 
calculated 


fH BW 
106.0" 50.5 
10525) 50-0 
104.5 48.0 
1053574225 
104.2 48.2 
104.5 48.0 


Q 
HB 
i251 
1.58 
1255 
15S, 
1.60 


fo fL 
7685 S555 
77.0 39.5 
76,5 Si .5 
78.0 56.0 
ii.) 5620 
76.5 56.5 


Composite Amplifier 
fo=118x10°Hz 


calculated 
al 
a1 i) BW 
59.9 120.0 60.1 
61.0 aS 56.8 
61.0 kes Sono 
61.0 118.0 SO 
Glo 116.0 SSO 
61.0 Ve Sons 
2 
59.9 120.0 60.1 
61.0 Les 56e5 
62.0 Ie e5 535 
61.0 laa 5695 
Gio 116.0 Soe) 
cil ly Ss 5655 


-All frequencies x10 
-For composite 1 and 2 indicate chip in A+ positions of 


Figure 


is 


ti 
106.0 
100.0 
103.25 
106.0 
104.0 


"105.0 


e e e e e 


BW 


De 
40. 
46. 
50. 
48. 
48. 


- 40 
-40 
Resi 
48 
soo 
50, 


wm Oo Oo Oo WT MN 


i252 
130 
1.66 
[eee 
leZ 
1.58 


HOBPF 3/e6s0'' Rads 
Single Amplifier 
co 59x10°Hz 
calculated 


fo £L fH BW Q fo £L fH BW Q 
beet 42). ce Soo. 0 99.0 22.5 1.88 42.0 32.5 56.0 23.5 1.79 
Test 1 0.0 0.0 0.0 0.0 0.0 BM oo. 0 36.0 23.0 13a 
Pe Rour 
10 hours 
2 days 
1 week 


Composite Amplifier 
3 


fo= 59.0x10 Hz 
calculated 
a 
fo tL, fH BW Q 

Non Rad 44.2 , 34.0 Sono 20 ian 
Test 1 
1 hour 
10 hours 
2 days 
1 week 


Non Rad 

Test 1 

1 hour 

10 hours 

2 days 

1 week 

-All frequencies x103 


-For composite 1 and 2 indicate chip in At positions of 
Figure 


12 


H BPF 3.33x10°’ Rads 
Single Amplifier 


fe= 118x10°Hz 
calculated 
fo fL fH BW Q fo fL fH BW Q 

Non Rad 78.0 57.0 104.5 47.5 1564 78°50 55755 dis. 0 47 35m 
Test 1 OO 200 0.0 0.0 0.0 762035735 g06.5319 70m 
1 hour 
10 hours 
2 days 


1 week 


Composite Amplifier 
for 118x10°Hz 
calculated 


i 
fo fL fH BW . Q 
Non Rad 84.0 61.0 T1335 04.8 aL Rae 
Test 1 
1 hour 
10 hours 
2 days 


1 week 


Non Rad 

Test 1 

1 hour 

10 hours 

2 days 

1 week 

-All frequencies x103 


-For composite 1 and 2 indicate chip in A+ positions of 
Figure 


120 


I BPF 3.33x10'/ Rads 
Single Amplifier 
fo= 59x10°Hz 
calculated 
fo fL fH BW Q fo fL fH BW Q 
PemenlGemeee Oe 46D S690 28.5 1.79 41.5 33.0 55.0 22.0 mesg 
Test 1 Dee 9). 00mer © OO 4120 305.5 95.9 22.0 1889 
1 hour | 
10 hours 
2 days 
1 week 


Composite Amplifier 


fo= 59x10°Hz 
calculated 


1 
fo fL fH BW Q 
Non Rad 44.2 34.2 08.5 24.3 Wine 
Test 1 
© nour 
10 hours 
2 days 


1 week 


Non Rad 

Test 1 

1 hour 

10 hours 

2 days 

1 week 

-All frequencies x103 


-For composite 1 and 2 indicate chip in A+ positions of 
Figure 


ia 


+7 
I BPBes. Saxo Rads 
Single Amplifier 


fo=118x10°Hz 
calculated 


fo fL fH BW Q fo fell, 


BY Q 


Non Rad 79.0 57.8 105.5 47.7 1.66 78.0 57.8 106.0 48.2 1.62 
Test 1 0.0 090.0 0.0 0.0 0.0 78.0556-0 106-5 50°55 ae 


1 hour 
10 hours 
2 days 


1 week 


Composite Amplifier 


ees See aie 
calculated 


1 
. fo fL fH BW 
Non Rad 84.0 Saks Gs 0 “Son 
Test 1 
1 hour 
10 hours 
2 days 


1 week 


Non Rad 
Test 1 

1 hour 
10 hours 
2 days 


1 week 


-All frequencies x10 


io3 


-~For composite 1 and 2 indicate chip in A+ positions of 


Figure 
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GEEOr 0 sEade 
Single Amplifier 


£0=59x10°He 
calculated 
fo fel, fH BW Q fo fL fi BW Q 


Preommvadeg?.5 32.5 55.5 23.0 1.85 422 32.2 S4heP 22.7 186 
Test 1 


1 hour 
10 hours 
2 days 


1 week 


Composite Amplifier 


£0=59x10°Hz 
calculated 


1 
fo fL fH BW Q 

Non Rad 44.0 32.5 08.0 ZS, 0 eto 
Test 1 

1 hour 

10 hours 

2 days 

1 week 


Non Rad 44.0 Sis) 08.0 ZS to 
Test 1 

1 hour 

10 hours 

2 days 

1 week 

-All frequencies x103 


-~For composite 1 and 2 indicate chip in At positions of 
Figure 
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Giapre le see e 
Single Amplifier 


f0418x10°Hz 
calculated 
fo fL fH BW Q fo f£L fH BW Q 
Non Rad 78.0 98.2 105.0 46.8 1.67 78.5 5820 10420 Gem ies 
Test 1 : 
1 hour 
10 hours 
2 days 


1 week 


Composite Amplifier 


fo= 118x10°Hz 
calculated 


1 
fo fil fH BW > 56) 
Non Rad - 83.0 627, 0 115.0 S35 0 eee) 7 
Test 1 | 
1 hour 
10 hours 
2 days 


1 week 


Non Rad 84.5 61.8 115 <6 54.0 5 Ot 
Test 1 

1 hour 

10 hours 

2 days 

1 week 

~All frequencies x103 


-For composite 1 and 2 indicate chip in A+ positions of 
ere ue 
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Ds O ae 


ae. volts/microseconds 
Ds - 
Non Radiation 19.2 DiGR25 
Test 1 19.5 25.7 
1 — 195 one 
10 hours HOGS Zone 
2 days ieee io 
1 week 15.2 20.0 


Single Amplifier 3dB Frequencies 


all frequencies x10*° Hz 


D; D 
Gain (k) | 100 24 15 100 24 15 


Mon Radiation 39.0 168.0 265.0 SoU toce. © “295, 0 


Test 1 04.5 150.0 260.0 39.0 175.0 290.0 
1 hour somo 61020 260. 0 40.2 180.0 300.0 
10 hours o020 100.0  Zoone one IO. O 290.0 
2 days 34.5 140.0 245.0 sonO eu los.0 270.0 
1 week 34.2 160.0 245.0 oenOe 75.0 250.0 
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Non Radiation 
Test 1 

1 hour 

10 Hees 

2 days 


1 week 


Gain 


(k) 


Non Radiation 
Test 1 

1 hour 

10 hours 

2 days 


1 week 


all frequencies x10" 


100 


33.0 
36.0 
20.0 
Zoe” 
20.5 


20a 


By 


ZO 
io 
11.4 
10.6 
1040 


IG eA, 


Eloi 


Slew 
Rates 


Rads 


volts/microseconds 


3 


my 


24 


155.0 
Loun @ 
90.5 
geo 
86.5 


86.5 


15 


Zinio 
285.0 
142.0 
150.0 
122.0 


150.0 


126 


100 


33.0 
34.2 
32.0 
34.0 
32.0 


33.0 


aD 


25.0 
13.2 
11.6 
10.6 
10.0 


LOe8 


Single Amplifier 3dB Frequencies 


24 


150.0 
150.0 
142.0 
142.0 
125.0 


150.0 


15 


242.0 
245.0 
242.0 
242.0 
239.0 


240.0 


Fx10°¢ Rads 


oe volts/microseconds 
Fi re 
Non Radiation 2026 25.6 
Test 1 eo 17.9 
1 hour 13.2 ye 
10 hours ees 16.7 
-— 11.4 © 16.1 
1 week ioe een 


Single Amplifier 3dB Frequencies 


all frequencies ore Hz 


Fh LG: 


Gain (k) 100 24 15 100 24 15 


Non Radiation 35.0 155.0 260.0 39.0 Poo .08 cou.) 


Test 1. bane) 14050 235-0 alae 42.0 | 238550 
1 hour 34.0 140.0 240.0 lied) He2,0 239.0 
10 hours were, ©  2o0 06 33.0 135.0 245.0 
2 days ban 122540" 240.0 SO ZOO 240.0 
1 week 33.0 142.0 240.0 Sao 145.0 245.0 
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Non Radiation 
Test 1 

1 hour 

10 hours 

2 days 


1 week 


Gain (k) 


Non Radiation 
Test 1 

1 hour 

10 hours 

2 days 


1 week 


eeolon nee 


S 
ee volts/microseconds 
G, Ge 
27.8 17.9 
0.76 7.81 


Single Amplifier 3dB Frequencies 


all frequencies sot Hz 
Gy Go 
100 24 15 100 24 15 


3120 Woo. 0 27 ono 385.8 150.0 270.0 


35.0 73.0 LOdme 
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1 3. 3gon Rade 


——- volts/microseconds 
a4 Ho 
Non Radiation oe ZoeS 
Test 1 Dn) gol asin © 
1 hour 
10 hours 
2 days 
1 week 
Single Amplifier 3dB Frequencies 
of 
all frequencies x10 : HZ 
1 | 2 
Gain (k) 100 24 15 100 24 15 


Non Radiation 37.0 155.0 270.0. 39.0 155.0 290.0 
ea 0.0 0.0 0.0 37.0 175.0 280.0 
nour 

10 hours 

2 days 


1 week 


29 


Rads 


volts/microseconds 


aa 
14.7 


Single Amplifier 3dB Frequencies 


+ 
1 3.33x10°! 
Slew 
Rates 
Ty 
Non Radiation 20 
Test 1 0 
1 hour 
10 hours 
2 days 
1 week 
all frequencies 
Ty 
Gain (k) 100 24 15 


Non Radiat@@n 37.5 155.0 “25020 
Test 1 O20 0.0 O20 
1 hour 

10 hours 

2 days 


1 week 
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3. 


x10" HZ, 


100 


38.2 


37.0 


Io 


24 


Vo 0 


70210 


15 


ow. O 


Zoo 


Composite Amplifier 3dB Max Flat Frequencies i107° Rads 


gain (k) 
a 


Non Radiation 
lst test 

1 hour 

10 hours 

2 days 

1 week 


gain (k) 


a 


Non Radiation 
1st test 

1 hour 

10 hours 

2 days 


1 week 


gain (k) 


a 


Non Reanart 16% 
ist test 

1 hour 

10 hours 

2 days 


1 week 


C20A-1 D 
100 24 
6.105 ooo 
a, 2 1 
124.0 99 a0 
11580 935 #0 
L260 1.0M 
132. 0 1.042M 
£OG..5 1.01M 
2G. DO 1.01M 
C20A-2 
100° 24 
6.105 Woe 
1 Zz 1 
TOS. O 950.0 
1 ROTO 940.0 ° 
FOS .5 920.0 
1SSH0 1.025M 
30 0 900.0 
MOS 2.0 DO 
C20A-4 
100. 24 
3.4 x10 ohms 759 
Re Z alt 
41.9 2 Ooee 
42.5 2 Ooo 
42.0 20500 
45.0 20510 
OS 205.0 
40.0 2 OGO 


-Unless indicated otherwise k and 


-l1 or 2 indica 
-All freqs x10 


131 


Z 


15 
3.925 


A) 


1 

~ 495M 
- 4M 
~4M 

~ 42M 
~ 30M 
242M 


Sn 


15 
3.828 


.24M 
.165M 
. 225M 
.335M 
.14M 
.235M 


ne 


15 
631 
1 2 


342. 
330. 
Slo 
390. 
Soh. 
S2Or 


Ome 2 GC a, @ 


are K ohms Galo ohms ) 


Ss amplifier in Al position on Figures 
liz unless followed by M, M=1x10T° Hz 


Composite Amplifier 3dB Max Flat Frequencies Ex10°° 


(k) 


a 


gain 


Non Radiation 
Ist test 

1 hour 

10 hours 

2 days 


1 week 


(k) 


a 


gain 


Non Radiation 
lst test 

1 hour 

10 hours 

2 days 


1 week 


(k) 


a 


gain 


Non Radiation 
lst test 

1 hour 

10 hours 

2 days 


1 week 


1 
LTe=0 


110-0 
116.0 
elo) 
PZ 
116.0 


1 
7 a0 
96.0 
935 
900 
84.5 
S66 


1 

by 20 
Ss 
5235 
SS 
52.0 
260 


C20A-1 E 


100 
6.105 


2 
LIOR9 


9955 
2020 
oD Deere 
oz) 
oZe0 


i 
S220 


942.0 
Sy ou 
880.0 
S9o.0 
870.0 


C20A-2 


6.105 


2 
sli 
122.0 
115.5 
106.5 
103.0 
110.0 


1 
255.0 
740.0 
C2060 
72020 
685.0 
705-0 


C20A-4 
+6 


ohms 


x10 


2 

Sie 
Zoe 
ioe 
Z0R 
Z08 
Z0n 


oO Oo Oo Oo CO 


1 
180.0 
150.0 
Oe 
141.0 
130.0 
PaOne 


-Unless indicated otherwise k and 


-l1 or 2 indies 
-All freqs x10 


132 


24 
02930 


2 
825.0 


800.0 
655.0 
66520 
645 .0 
685.0 


7.535 


a 
Sooo) 
320.0 
870.0 
842.0 
830.0 
85020 


2 
180. 
110. 

94. 

oUF 

83. 

86. 


nn Oo OG oO O& 


Rads 
15 
o.o26 
1 Ze 
1.18M 1.18M 
Peo 1.035M 
1.16M 85506 
eM 860.0 
1.162M 8355.6 
le 65h 820.0 
13 
37 oZe 
1 C 
L.275M Laws] Sh 
890.0 1.22M 
865.0 1.135 
840.0 Peele 
800.0 1. UM 
830.0 1 <i 
15 
631 
a 2 
302.0 302.0 
245.0 180.0 
Die 170.0 
2350) 15 30 
235.0 l 3a @ 
235.0 150.0 
: ohms ) 


+> 
are K ohms (x10 
S amplifier in Al position on Figures 


Hz unless followed by M, M=1x10t 


Hz, 


Composite Amplifier 3dB Max Flat Frequencies Fx10* ‘ Rads 
C20A-1 
gain (k) 100 24 15 
a 6.105 Seo) 3.528 
1 2 1 2 1 2 
Non Radiation 111.0 111.0 845.0 845.0 1.205M 1.205M 
Ist test 104.0 104.0 800.0 815.0 1.155M 1.200M 
1 hour 104.0 107.0 790.0 795.0 1.155M 1.242M 
10 hours 114.0 104.2 880.0 920.0 1.255M 1.300M 
2 days 109.5 111.5 800.0 855.0 1.155M 1.290M 
1 week 108.5 102.5 830.0 785.0 1.265M 1.290M 
C204 =2 
gain (k) 100 24 15 
a 6.105 7.535 3.828 
1 2 1 2 i 2 
Non Radiation ise 111.0 922.0 922.0 -1.165M 1.165M 
Ist test 98.0. 97.0 820.0 800.0 1.070M 1.050M 
1 hour oS 103.5 875.0 860.0 1.142M 1.100M 
10 hours 104.0 ‘100.0 895.0 870.0 1.171M 1.095M 
2 days 106.5 103.5 865.0 870.0 1.160M 1.150M 
1 week 101.0 102.0 865.0 830.0 1.180M 1.110M 
COOK=4 
: +6 
gain (k) 100 x10 24 15 
a 3.4 ohms 759 631 
1 2 1 D 1 2 
Non Radiation 38.0 38.0 150.0 [50 Ome. 0 282.0 
1st test 36.5 36.5 162.0 162.0 275.0 275.0 
1 hour 34.2 37.0 142.0 165.0 255.0 275.0 
10 hours 33.0 37.0 130.0 133.0 255.0 290.0 
2 days 37.5 37.0 130.0 130.0 285.0 290.0 
1 week 35.40 37.5 150.0 180.0 260.0 285.0 
a 
-Unless indicated otherwise k and are K ohms (x10 3 ohms ) 


-l or 2 indicates amplifier in Al position on Figures 
-All freqs x10” Hz unless followed by M, M=1x10T° Hz 
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Composite Amplifier 3dB Max Flat Frequencies Graton Rads 


C20A-1 
gain (k) 100 24 ess 
a 6.105 Sooo 3.528 
1 2 1 2 1 2 
Non Radiation 1150 1G.) G42 0 PeOiM 1.78 Pe 
lst test 
1 hour. 
10 hours 
2 days 
1 week 
C20A-2 
gain (k) 100 24 gS) 
a GeO W535 3. O26 
ae 2 at 2 ili 2 
Non Radiation 109.0 102.5 958.0 902.0 1.265M 1.200M 
lst test 
1 hour 
10 hours 
2 days 
1 week 
C20A-4 
+6 
gain (k) 100 x10 24 a5 
a oe ohms 759 631 
aL 2 i. | 2 1 2 


Non Radiation 39.0 490519020 201905 300.0 “S2580 
lst test 


1 hour 
10 hours 
2 days 


1 week 


te 
-Unless indicated otherwise k and are K ohms (x10 ohms ) 
= PeOrec mec a hes amplifier in Al position on Figures 


-All freqs x10” Hz unless followed by M, M=1x10tT®° Hz 
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7 


Composite Amplifier 3dB Max Flat H 3.33x10°’ Rads 
C20A-1 
gain (k) 100 24 15 
a 6.105 Deo OO Joao 
il 2 i a 1 2 
Non Radiation 116.0 980.0 1.42M 
lst test 111.0 ii. 0 900. 0 900.0 1.42M 1.42M 
1 hour 
10 hours 
2 days 
1 week 
C20A-2 
gain (k) 100 24 es 
a 6.105 Geos) cuSZo 
at 2 1 2 a 24% 
Neen Radiation 112.0 270! 0 eoM 
1st test al ko Ave 109.0 982.0 982.0 1.4M 1.4M 
1 hour 
10 hours 
-2 days 
1 week 
C20A-4 
gain (k) 100 24 15 
a 3.4 x10° ohms Too Gor 
1 a al} 2 1 ie 
Non Radiation 38.5 200.0 S30. 0 
Ist test 39.0 SOO eel Ome 210.0 300.0 344.0 
1 hour 
10 hours 
2 days 
1 week 
-Unless indicated otherwise k and are K ohms ee. ohms ) 


=) Or s2 ee amplifier in Al position on Figures 


-All freqs x10 
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Hz unless followed by M, M=1x10T° Hz 


Composite Amplifier 3dB Max Flat I 3. 


gain JG) 


a 


Non Radiation 


1st test 
24 hours 
48 hours 


1 week 


gain (k) 
a 


Non Radiation 


lst test 
24 hours 
48 hours 


1 week 


gain (k) 
a 


Non Radiation 


lst test 
24 hours 
48 hours 


1 week 


-Unless indicated otherwise k and 


3.4 «10° ohms 


33x10° / Rads 


15 
3.528 


1.4M 


- 15 
3.828 


1 .32oM 


15 
631 


330.0 


+ 
are flonan (clon. Menten 


-1 or 2 indicates amplifier in Al position on poy oe 
-All freqs x10% Hz unless followed by M, M=1x10 zie 


+4 
PAVE See Rads 


Slew 
Rates 


volts/microseconds 


5A 5B 
Non Radiation 7.8 7a) 
Test 1 0.68 O-65 
24 hours 
48 hours 
1 week 

Single Amplifier 3dB Points 

all freqs atone 

OA OB 
gain (k) 100 24 15 100 24 
Non Radiation 9.9 23.0 3Oe0 9.6 40.5 
Test 1 505 ZO.5 SO. 9.82 40.5 
24 hours 
48 hours 
1 week 
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15 


63. 


64, 


+ 
6 1 xil0lemRads 


S 
pid volts/microseconds 
6A 6B 
Non Radiation 9.4 ooo 
Test 1 aS, O205 
1 hour 
10 hours 
2 days 
1 week 
Single Amplifier 3dB Frequencies 
all frequencies x10°* Hz, 
6A 6B 

Gain (k) 100 24 15 100 24 aS: 


Non Radiation 12.75 55.0 87.5 13.5 60.0 -93.0 
Test 1 12.75 55.0 S87esh lanct™ comGmENosnO 
1 hour 

10 hours 

2 days 


1 week 
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+5 
8 5x10 Rads 


ae volts/microseconds 
SA 8B 
Non Radiation 6.4 G26 
Test 1 0.64 Ou OD 
1 hour 
10 hours 
2 days 
1 week 
Single Amplifier 3dB Frequencies 
: all frequencies x10°? Hz , 
8A 8B 

Gain (k) 100 24 LS 100 24 7 
Non Radiation 9.30 39.50 62.0 9.65 42.0 66.0 


Test 1 e730 —Som00 
1 hour 

10 hours 

2 days 


1 week 


OZR Seto 


ao 


41.9 65.0 


same Rads 


ae volts/microseconds 

10A 10B 
Non Radiation Oe Sie 
Test 1 0.74 C273 
1 hour 
10 hours 
2 days 
1 week 

Single Amplifier 3dB Frequencies 
all frequencies x10°° az 
10A : | 10B 

Gain (k) 100 24 gen) 100 24 . 15 


Non Radiation 11.3 25D 10 11.6 oe. 8 Daly: © 
Test 1 10.7 4a). O if 202 alae 48.0 Cams 
1 hour 

10 hours 

2 days 


1 week 
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14 Sx1l0'° Rade 


Slew 
Rates volts/microseconds 
14A 14B 
Non Radiation 350 4.2 
Test 1 oe Oy 
24 hours 0) 10, Sa 
48 hours Baek Bac 
1 week 2216 3.4 


Single Amplifier 3dB Points 
all freqs x10° 


14A 14B 
gain (k) 100 2A 1.2) 100 24 15 
Non Radiation 5.8. oe 36eo 6.78 21 wo 43. 
Test 1 O20 0.0 0-0 20.0 65.0 1005. 
24 hours 0.0 0.0 O20 See 19550) -330, 
48 hours O70 Toa) J 5.0 34.5 io s0- ZIOe 
1 week O20 fo. 0 119.0 34.5 LiOnOt “ZeO- 
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Non Radiation 
Test 1 

24 hours 

48 hours 


1 week 


15 5x10°° 


Slew 
Rates 


Rads 


volts/microseconds 


158 


Single Amplifier 3dB Points 


gain (k) 100 


Non Radiation 9.7 


Test 1 ee 
24 hours 

48 hours Oo 
1 week Ae, 


all freqs oe 


154A 
24 


41.0 


29.9 


96.2 


O20 


15 


Ga. © 


Ziv. ©) 


sO Ae, 


165.0 


142 


158 


24 


38.0 


Oe) 


3670 


oe0 


15 


S00 


O20 


TOR 


17320 


* 


Composite Amplifier 3dB Max Flat Five 5x10** Rads 


ean 86 ( Kk) 


a 


Non Radiation 
ist test 
24 hours 
28 hours 


1 week 


gain (k) 


a 


Non Radiation 
Ist test 
24 hours 
48 hours: 


1 week 


‘gain (k) 


a 


Non Radiation 
Ist test 
24 hours 
48 hours 


1 week 


-Unless indicated otherwise k and 


oie 


3.4 x10 


895 


C20A-1 


C20A-2 


C20A-4 


ohms 
ft 


42. 


9.930 


L500. 0 


1go35 


100.0 


O 


are K ohms (x10° 


a5 
3.928 


200.0 


15 
3.828 


Lata 


15 
631 


C610 


: ohms ) 


-l1 or 2 indicates amplifier in Al position on diagrams. 
-All freqs x10% Hz unless followed by M, M=1x10t® Hz. 
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Composite Amplifier 3dB Max Flat Frequencies 6 1x10" 


(k) 


a 


gain 


Non Radiation 
lst test 

1 hour 

10 hours 

2 days 


1 week 


gain (k) 


a 


Non Radiation 
Ist test 

1 hour 

10 hours 

Z days 

1 week 


gain (k) 
a 


Non Radiation 
Ist test 

1 hour 

10 hours 

2 days 


1 week 


-Unless indicated otherwise k and 
-l or 2 ee eas amplifier in Al position on Figures 


-All freqs x10 


o 


Rads 
C20A-1 
100 24 1D 
6.105 Sos 3.528 
1 2 1 a le Pa 
83.0 ZO OO) 3Z2OR® 
C20A-2 
100 24 is 
6. Os 4.530 3.828 
1 2 1 2 Hs 2 
101.0 310.0 550. oO 
C20A-4 
100 22 24 15 
3.4 x10 ohms 759 631 
1 Z 1 2 1 2 
15.6 64.0 110.0 
sare 
are K ohms (x10 ohms ) 


Hz unless followed by M, M=1x10t° Hz 
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a 
Composite Amplifier 3dB Max Flat Frequencies 8. 5x10.” Rads 


C20A-1 
cain Ck 100 24 15 
a 6.105 3G O30 Boao 


i 2 it 2 i 2 
Non Radiation 67.0 190.0 220n0 


Ist test 
1 hour 
10 hours 
2 days 


1 week 
gain (k) 100 24 15 
a 


Non Radiation Ser 0 200.0 238.0 
1st test | 

1 hour 

10 hours 

2 days 


1 week 


C20A-4 


gain (k) 100 6 24 15 
a 3.4 x10 ohms 759 631 
1 2 i Z 1 a" 


Non Radiation Owe 44.0 ZO © 
ist test 

1 hour 

10 hours 

2 days 


1 week 


+3 
-~Unless indicated otherwise k and are K ohms (x10 ohms ) 
-l or 2 indicates amplifier in Al position on Figures 


-All freqs x10” Hz unless followed by M, M=1x10T° Hz 
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Composite Amplifier 3dB Max Flat 10 


aan sake 
a 


Non Radiation 
ist test 
24 hours 
28 hours 


1 week 
gain (k) 
a 


Non Radiation 
lst test: 
24 hours 
48 hours 


1 week 


gain (k) 


a 


Non Radiation 
lst test 
24 hours 
48 hours 


1 week 


-Unless indicated otherwise k and 


100 
6. 105 
1 
76.0 
COz0 
100 
6.105 
1 
96730 
86.5 
100 
3.4 x10 
i 2 
re 
PZ 


C20A-1 
24 
5a oD 
2 1 
240.0 
22 oo 
C20A-2 
24 
lao 
2 1 
265.0 
242.0 
C20A-4 
24 
ohms 759 
1 2 
55.0 
Dil 0 


oP 
are K ohms (x10 


OEE 


15 
3.528 


270.0 
Zo oO 


15 
3.828 


300.0 
Z2ton0 


‘15 
631 


86.5 
81.0 


3 ohms ) 


-l or 2 indicates amplifier in Al position on diagrams. 
-All freqs x10% Hz unless followed by M, M=1x10t® Hz. 
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Composite Amplifier 3dB Max Flat 14 5x10°° Rads 


C20A-1 
gain (k) 100 24 ees 
a 6.105 OD a9 ooo 
i 2 1 2 a 2 
Non Radiation 49.0 1S) 10, 3 oe) 
lst test O06 O20 0.0 
24 hours 0.0 Oro 0.0 
48 hours 0 740.0 860.0 
1 week O26 760.0 780.0 
C20A-2 , 
gain (k) 100 24 ro 
a Geel. eae 3.828 
it 2 1 2 1 Z 
Non Radiation 
wet test 04.2 6.0 130580 
24 hours Oro 0.0 OF 0) 
48 hours 0.0 870.0 965.0 
1 week BO 880.0 JOU. © 
C20A-4 
gain (k) 10 6 24 15 
a 3.4 x10 ohms Too 631 
1 2 1 2 i 2 
Non Radiation lex 2 Zone 44.2 
lst test oo 0.0 0.0 
24 hours 0.0 0.0 O20) 
48 hours Soe 175.0 290.0 
1 week 34.0 165.0 Zon O 


+ 
-Unless indicated otherwise k and are K ohms (x10 3 ohms ) 


-l or 2 indicates amplifier in Al position on diagrams. 
-All freqs x10% Hz unless followed by M, M=1x10t® Hz. 
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Composite Amplifier 3dB Max Flat 15 


(k) 


a 


gain 


Non Radiation 
Ist test 
24 hours 
48 hours 


1 week 


(k) 


a 


gain 


Non Radiation 
lst test 
24 hours 
48 hours 


1 week 
gain (k) 
a 


Non Radiation 
Ist test 
24 hours 
48 hours 


1 week 


-Unless indicated otherwise k and 
-1 or 2 indicates amplifier in Al position on diagrams. 


-All freqs x10% Hz unless followed by M, M=1x10t& 
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5x107° 


+ 
are K ohms (x10 3 


Ze 


Rads 
C20A-1 
100 24 15 
6.105 5.535 3.528 
1 2 1 2 1 2 
61.0 170.0 185.0 
0.0 0.0 0.0 
150.0 510.0 580.0 
145.0 510.0 580.0 
C20A-2 
100 24 15 
6.105 7.535 3.828 
1 9 1 2 1 2 
84.2 195.0 222.0 
0.0 0.0 0.0 
0.0 530.0 0.0 
222.0 - 510.0 602.0 
C20A-4 
100 24 15 
3.4 x10°° ohms 759 631 
1 2 1 2 1 2 
9.62 40.0 eas 
0.0 0.0 0.0 
0.0 94.0 190.0 
0.0 90.0 162.0 


ohms ) 


IL 


Hes 


127: 


LIST OF REFERENCES 


Mikhael, Wasfy B. and Michael, Sherif, "A Systematic 
General Approach for the Generation of Composite OA's 
for Extended Frequency Operation,'' Proceedings of the 


Midwest Symposium on Circuits and System's, Michigan. 
Miewist LOS2s 


Gariano, P., Generation of an Optimum High Speed High 
Accuracy Operational Amplifier, Master's Thesis, 
Naval Postgraduate School, Monterey, California, 
December 1985. 


Olesen, H.L., Radiation Effects on Electronic Systems, 
p. 2, Plenum Press, New York, 1966. 


aon. Chel ee AmCoempar1son.of Llomizing Radiation 
Damage in NOSFETS From Cobalt-60 Gamma Rays, 0.5 to 22 
Mev Protons and 1 to 7 MeV Electrons," To be published 

in IEEE Trans. Nucl. Sci., December 1985. 


Northrop Research and Technology Center, Report 


NRTC-75-95R, Radiation Effects on Oxides, Semiconductors, 


‘wae Devices, poy J.R. oreur, Et al., May 1975. 


Srour, «eR. en aye "Leakage Current Phenomena in 
Irradiated SOS Devices,' IEEE Trans. Nucl. Sci., NS-24, 
No. 6, pp. 2119-2127, December 1977. 


Cleveland, D.G., "Dose Rate Effects in MOS 
iienoci rena) IEEE Trans. Nuel. Seis, NS-31, No. 6, 
pp. 1348-1353, December 1984. 


Dawes, W.R., "Radiation Effects Hardening Techniques," 
paper presented at IEEE Nuclear and Space Radiation 
Effects Conference, Monterey, California, July 1985. 


Mmmoares N.J., Principles and Techniques of Radiation 


Hardening, Vol. I, Western Periodicals, 1976. 


Mims. Introduction to Nuclear Physics, p. 135, 
Addison-Wesley, 1966. 


Berger, M.J. and Seltzer, S.M., "Stopping Power and 
Ranges of Electrons and Positrons,' National Bureau of 
Standards Interim Report 82-2550, 1982. 


Dienes, G.J. and Vineyard, G.H., Radiation Effects in 
Solids, Inter-Science Publishers, New Yor, 1957. 


149 


Se 


14. 


lo 


LG 


Zs, 


Gr 


en 


20. 


ale 


Ze 


23. 


Ponaris, R.A., Electrons Irradiation of N Channel Silicon 
on Sapphire Insulated Gate Field Effect Transistors 
(IGFET), Master's Thesis, Naval Postgraduate School, 
Monterey, California, December 1985. 


Air Force Avionics Laboratory, Wright Patterson Air 
Force Base, Contract F33615-76-C-1205, Study of Define 
Design Guidelines for Application to Future Development/ 
Efforts of Radiation Hardened Linear Integrated Circuits, 
H.J. Hennecke, et al., December 1977. 


Sour, J.R., et al., Radiation Effects on Semiconductor 
Materials and Devices, Harry Diamond Laboratories Tech. 
Report, 171-4, December 1973. 


Hart, A.R., et al., Hardness Assurance for Long-Term 
Ionizing Radiation Efmiects on Bipolar Structures; 
Mission Research Corporation, Contract No. DNA 
001-76-C-0201, March 1978. 


Antoniou, A., "Realization of Gyrators Using Operational 
Amplifiers, and Their Use in RC-Active-Network Synthesis," 
IEEE Proceedings, Vol. 116, No. 11, pp. 1838-1850, 
November 1969. | 


Davies, A.C., "The Significance of Nullators, Norators 
and Nullors in Active-Network Theory," Radio Electron. 
Kng., Vol 34, pp. 2og=207, 9 1960/. 


Tellegen, Babe "On Nullators and Norators," IEEE Trans. 
on Circuit Theory, Vol. Ct-13, pp. 466-469, 1966. 


Mikhael, Wasfy B. and Michael, Sherif, "Actively 
Compensated Composite Operational Amplifiers," Midwest 


Symposium on Circuits and Systems, Albuquerque, New 
Mexico, June 1981. 


Millman, J. and Halkias, C., Integrated Electronics; 


Analog and Digital Circuits and Systems, p. 386, 
MeGraw-Hill ~ Sine... Io a2e 


Natarajan, S. and Bhattacharyya, B.B., "Design and 
Some Applications of Extended Bandwidth Finite Gain 
Amplifiers," J. Franklin Inst., Vol. 305, No. 6, 
pp. 320-341, June 1978. 


Natarajan, 5S. and Bhattachamyyan 2 1) Wes oO 
Actively Compensated Finite Gain Amplifiers for High- 
Frequency Applications," IEEE Trans. Circuits Syst., 
Vol CAS-27, pp. 1133-1139, December 1980. 


150 


24. 


ZO 


ZO. 


Zak. 


ES . 


IO 


30. 


Barnett, M.T. and’Cunneen, W.J., Design and 
Performance of the Electron Linear Accelerator at the 


U.S. Naval Postgraduate School, Master's Thesis, Naval 
Postgraduate School, Monterey, California, December 1966. 


O'Reilly, P.J., 30 MeV Electron Radiation Damage to 
InGaAsP LEDs and InGaAs Photodetectors, Master's 

Mmesis, Naval Postgraduate School, Monterey, California, 
March 1986. 


Bemara. .8. and Yraverso, T.J., Neutron Form Factors 
From Elastic Electron-Deuteron Scattering Ratio 
Experiments at Very Low Momentum Transfers, Master's 
Thesis, Naval Postgraduate School, Monterey, California, 
Meareh 1973. 


Arguello, W.R., The Radiation Effects of High Energy 
Electrons Upon Thermionic Integrated Circuits, Master's 
Thesis, Naval Postgraduate School, Monterey, California, 
March 1985. 


am@epauch, B.E. and Downing, R.G., “Solar Cell Radiation 
Heng@book, JPL Bublicacion 62-69, 9S2. 


Michael, S., Composite Operational Amplifiers and Their 


Applications mm Actave Netwonmks, Doctor's Dissertation, 
West Virginia University, Morgantown, West Virginia, 
19e3 . 


Sedma, A.S. and Smith, K.C., Micro-Electronics, CBS 
College Publishing, New York, 1982. 


io 


INITIAL DISTRIBUTION LIST 


Defense Technical Information Center 


Cameron Station 
Alexandria, Virginia 22304-6145 


Library, Code 0142 
Naval Postgraduate School 
Monterey, California 93943-5002 


Chairman, Department of Electrical 
and Computer Engineering, Code 62 


Naval Postgraduate School 
Monterey, California 93943-5000 


Prof Sherif Michael, Code 62Mi 
Department of Electrical and 
Computer Engineering 

Naval Postgraduate School 
Monterey, California 93943-5000 


Prof Rudolf Panholzer, Code 62Pz 
Department of Electrical and 
Computer Engineering 

Naval Postgraduate School 
Monterey, California 93943-5000 


Prof F. R. Buskirk, Code 61Bs 
Department of Physics 

Naval Postgraduate School 
Monterey, California 93943-5000 


Major David M. Lohr, USMC 

P.O. Box 8674 

Naval Postgraduate School 
Monterey, California 93943-5000 


152 


No. 


Copies 








DUDLEY KNOX LIBRARY 


NAVAL POSTGRADT ATE SCHOOL 
MONTEREY, oc 


Ve.LIbORNIA 93243-5002 








lati acta ial - 


Pr aod a 
bs fopton dette ie 31 eo - er 










; y peohiah tee by Selita a) 
—~ beteoeepaiedbtes atten te LT an 


A . 
Compal ieee pee ee I ET 7 oar Tyee i thesL791345 

air grno—gs Givin epee ee Se ea ae Loe | ve ee , as 

mubquieaiapiin deta tl ee Py ene Bot mse Whe a 


A technique for improving active network 


MTT 
| | i | Mh | | | | ll | Hl {| 


‘Tver. ee Les 
om pm eriigntndinn poe lteter e pletng nels dpe 
ra eet te eS 
aenabe delice ta tae ee ee 
whale: Parr ehe Meee cprear ree ELT TO ee ee eee 
oe EMO DSR EAI. GG ob WIGS E AM Os eco bs PRA don cash ten 
cotdfngin)- panne meee rh te ee ee EE th bb ppptedl~n-ppdd-en da Iain Sedene teat eek Lee 
splines qartrnentaporry cee Trey Ree TOY beetle Leet ee Tee at age SE 
memento) l lee np eee te eee + imetite tok te oh eee Y ae 
TU lethargic te 












| 


5 
OM DE AE rhs te oY b hen ee ee te ee C 
gpa geeeaeyn oe ea ge Ny tT RT RTRY SC mey hese dd Le ee i eee ee | 

eemsemelelginatnanipnu ein nth eek one te ee ee Te ee er eee ee sary) anh Tht d 4.6 ter Ie te 

TINS Pop Pape ty y abot Te Te ee TT Bolg ehh BLrd nda ae , 
eye ipepamae neers Peon A ee OEY Brera a ally °B- DOESE 6 2 ay ee 

wwirtluibeniia oll Te 


SM OS RRD LI QO LANDS D4 O_O. @ Bohn Ah eo Bary 
nae ie Le hapten epee, tne ptteenat oie tL ta Se ee + he 
paren da PPMP AGO ORM KS Bed 940 ot a 
qe Pe pedidomnond ate uh ET ee ane ne 





3 2768 000 72702 8 
af DUDLEY KNOX LIBRARY 








Sr TN ate aes eee) 
peter iapnn inne’ dadh tite omoinkattale ta ee eee ee eT we 
atl big bs atcha amas hipaa pedi Bieta aie ee he be habs ee Oe er 
ppg dain ee Te eT 


Tih a ee ee ee meer eee 
uptime oak eT)  sihdedadatatiiensraencbeenta te ot ot ae wept ett tlhe ey ee rey 


ile aden metic eee a ee eee PL ey ty bee ey ey er Se eee eta) eed 
pacer pastemyttipeiineh ict ae tae eT ney ae kd drthed dhe Poe Oe nearer eee ol, eee ee : 
nemanansemeppineyt- irene te oot ee Cee) bdo de SO YY iy eel ty nee ee Y ula ee 
tenet a a tt De Se a ry ers et ae eke rg mired ian og Le ae 
ging Norte ail LF ee) AGS B-8 06 4. AMO 49 Abwey & BM he ee fs oF amMAase Poy ys fa "Bo 
=e epteegwens hakeittat LU. Are Fite ee ee 
Land genie ela tlh de tls i) ee ase ee hag oe ow ia PT n ' i x 
i ee ee et i ae Tor} Pe Tie ee oe | ey Pe iy | Ly ’ , wan 

tte lee Motel Ba et tee te Oe ee sith ancaad se eh as tee eee Spates td rl I 

udatuincntgtnamemiemtes a ro Ue ee Pind yplalre dapat th te ten a ee et ee ’ Dy C D a A 
rhea emaneMaane one ale ee dufuruinda eee eT . 7 
 aetemieniieede on ae 


Fepeapcapaps Seana ber nes ante beeen ee ety re ar Pe A 
stem Aidit te ah es f 


slpeeanet eee bts bo ke het heat 
ferpgakiaginnense ctgeadeentmmtemento ete ee Dee ee er 
rarer Rheem een tae TL ere 
ruitereninny Witla seer eee ee pmdaatataiuinetodiie ches Tt tan 
ey eeemereememiondidinatin en eee eed Le eee see Oe Ty ane in 
abate een ee ee aneehint goatee paghtok st Ltt ee eee .# ee te aan 
sont aie Le ee sllectsentateriee ie ete Lt ee er a ta ty oe ie be Be See ee | PT eke . ® 
Taig ohn oat ea ee IT © Ow C4 o OO he Onl rEEGok ee eee | Oe ae ee | Ae ee & Paar 
yeep pann ging natin ee ne tinea el aa ot ake TS bate ee ee Liem See eee ae F 5 es bv 
praplgechebay eetan sence rege het Pee ee ee Terr ee or or Mle oe CO te ee” ae Cy ye Er) A 5 : 
wreuatinir watt aragumiau.mateeaat ee ee es mila te Te Oe oe ee eee a r) Certo So oe ae eo ad 
ee eee Bh eee ate ee ee | BO Bmshe Fi pt.td Oetiae odo pine fae *¢ F 
ni eae ee cond Pa 1OnGra? AR S46. F0t ny ' 


Ta et tee ee Bd oY ae ee | a ee a Py ‘i at Fi a ss d 

LL eede teh Oe TT ok Ll, et , tr Pal ey Cee te ee fs 6,0 888 1 ry ; 

Listy maple ghicatea da tL Ee te Cee eee et ae AL a ear roe ‘reer C ss : "ee? 

ele aL tt Ween ar eet eS OT aT ae ee Fink . ; 1 py i. ae 

pital thee Ud tN ee © pe 2s Sela ado Le a rere ’ 
ee oe oe ae ae bt dee bn heated ee) a feed eo £ foyer 8 y 
© OPK ANZD bie bh O18 8h gee ey ee ee ae s a) at AT 


' 
J o a 
a 5 7 5 
Pebrbeteiden eS Le eee trae at ee pad eb CO Oe amNY Wee ace o ot : Rs ae te ea 
atten diene ated at tt. eee De Iw 3 eis #@ ea ay s 7 


ee et ie Se a! AY Fp aitieas 
tte teh tele AL et tt at idaihe adel ) Coty er ee ee Cre * co ae A A A 
. a Pied si btadadh Apapan aes ete Oe Te ee ee 10 Ghee a Te ae) a. J 
See a inaatoe eT eee era Pe Ce Lh as on ey ry ; 
no tr epmagplagmntet arian be sede ee oe ee Cee er en * 5 arr [ Pay e ren F a x 
<> m @ ob aaeteineeirel Go te ee eee sa rai eee eer) r , , i 
s Leeap) tieetiagieion sa-dpans-oteerack at at eee ee ete er ae marr te | mre Ndow- 
misipehemisatiateedia ee er eT ea ee er eee ft a ee reer 


as 
Lasanienicpnunanrinauieiamene ee ot ee ee ee pe ee eT ee eT eee er ry , rage 
ae © wys cd 


APR of B xten bos! o ws Ce rae | = ; pc 
eapeaning® leslie Kaho ote bald a ele a Ye TY ae eee , re r st 
ld pO ye et ee i er ee ee F ‘ 3 k Pr 
‘ Armd bok A A s Pi 1ér@gAee rs P re 5 
ee ee ey ee SY 4 © tee 
ee eT rr ee Pa ee te ee eee ET 
peices wetted ool Ett Fd ied eh oe Le ol ey oe at ed 

r ROR ET Sty yee ys Be be Kiatrem avi” 0 tah oA om ed aie ey: [ae ry we ee pe ee mee 
-aaartetmimaeanned ee pee athe M kat ek RRL ee oe) : re 
Se a ee ey SOA D016 RebaiRameto Rohn b 6.0.38 m8 td ; 
F-Pt Sa egepoeicmmpemmiprens teen ee ee TR ee ee a ee | 

e a Per Teghte eb hedita “damien Nee TLE Se ne eee teneb ee edu we ¢ 
pidabeerighwempereenamtiette et tT een dete aki Te ee ere TY ae tr ar ie ye) 
ni iwi Gop acemnaangtimeemdt dh Oe te ee ee ee or chanel lan oar basses oe mee beat evant Red ol ott tt a Le Pera inn 
ai purer weer-sper alienet le Pe Pere ih te ee ey ee 


: hasbed-sdetelict okt del ae eee oe aed 
mane Wit at eaten Lehane eel en Pea aT ae Tree aes CY ee an ee ee rr y r) ee | PS 
a Se aes eed ce ee Te Lee le de a Te ST ee PT ee CE ee Ce eee ‘ er 


Fl 
ED ~ ‘ re Cab at | he te A 
dh et Bok OH af mein el ohnd en ti. ee 6 0 ob Pale ed Opthos A Ride nt Pare re r Fi : ! 


. oa, H ee. fh 

: DS Were ht ant ABO K 1 o£ t ae ee F 
sa tt cate Lal a oar et eae TT ie Ot Pe re fe re rar ; F 
parent -tks Mediated tt te et ST ae ee ae Ci es ee ae) ee oe es C Cs r hae a ee i ry - a 

Sea cealtaeink eet eal a er eT ee OY Tr sdevrect.t we 1 at Coa ere ee 7 ry 

7 ee ee ee ee 

eo) ey ee 
Oe oe eee ie re 
PS laldad Ln Lat Ye ear 


S de Ld cial alana” Moll CO Ot Aa ae ee Cy) 
Pitan ee Pell ee ee ree nebhgseh, istank 2 ot OG 


eee ee ee Pe Ae eres tame Pe “are neh —.tihoh ames ot .enete 
team OT Pre ae ye ; - 
eee ee: Pendle a 
Fade Sak ol lene vedreaatina aber ahead e. 
pee RE EE Pe > TS retort 
Ce theta Ate tie teal ee eee 
tet ee er eS a ee 
cht eh ete Reet wet 
eed dn ahaa oe Te ee 
dabepre dobegud dad ot a ee ed ee 
“Ee oak see ee ee eee > re afrhesd phdoce ted 
- ) arte oo Me Pd in mona zm ne, 0 wi tied coh eat wae béab « 
Lat ee ea be ale i. en Pee 
rr ee ae et et oe eee 
~aleee  e ud obese ke ee ae 
a held attended ee wie Megs senda? | 
tea ielnamatetril llt dig intet ds de Pel at nt Co Pes cee pet rey Pr 
cot eee waren vs tw bpp dk AE oa: Fs 
ar | Pat) Be Stadt, ee ate ats asl 
FS pus eS ary aie FPA PTE 32) [2 f 
te heli aL ee 
Salona en ek to ee 
hee at dente See. FI 
ee wee Ri eee 
ore at is a too Fund 
Se at ee oe ee a 
or Bed en ede eee . p r : 


peter eee ea St ee ee ba it de ce 
Cae i a Ce Bae ey ey ee Pad Pee Ce 
ell dal Me de Loans ee tree ee 5 ee ok 7 
er celiad Eaee att te lk One S eS ee Fae) ed 
hen eet rare) ok Sa ee Pee ee Lod Deir ak Sah ¢ eed Poy ee LS) 
} oF - Pramimsed SP AT ls Dek ee ie at ed a es | 
J 












































"op 8 






























































Fs ae 
F ou 
a ae | ttee 
Delle a La et ee et ee ae 4 
aot iv ie Nee cae eae 
thd atedag Bade®. tear wasn of 1%, 

5 ets ommtie lety ee i es 
Po a8 00 orb Fo jas ee oe et 




















. a) 
Coe et ot 






Pon oa) ah PT 
a ry) Oh es 
TT re v Lye 6 
5 a. Prt ae ay ee a) 
@e %& 3° 3 @ ° een 

Thee a ee et Prd Ty 
har a ae 







































3° anal 
We ee ee 
ry Th wee CTT 
ee at a 4 























































an 




























































. eer 
f 
5 a 
ee take te ae to 
b Pbk capa Pies er te | 
ms Jeg tr dae “ ° od erty al $294 ay P P. 44 a 
9a AEP PLT: 8 r t+ fiers Pa ed . : Cae ‘ e 
hd 
et hae oe 
is . , 
2 “OFA” * fee . | 
£59 7 Stee ar regs © | 
tReet dab? 62a ee le oh op ke | 
: Pyke ae ole ae Pa Pat eT et ee 
het dba te hte CT Pee et ee 
Pe er hy OP Cae are | | 
Fh ill > | | 
WPL ese eet | | 
creed le ad a 7 . er 
4 o> ep ; Paes 7 | | 
lt ate: Le 1 Ld ed ior J 
act Ge 


Metetet te Eh Ate 
had abe Se hl aha Tad tS 
PR Ties ellie alee at ott he et 
et ds bar hae bh ae he 
BP oss Net myzeee ras 8 
la a oe lee Fat att Se hh dee ett) oles Le 
by Se cet La Std te Dt ee bee Eh aS EL el) 
pus 928 f2 05 oe Cte neh oor tated By a ied be ee ee 
Leake faded he cod teh Tae te Th Le Te) eo’ 
cite? take tet 7 Pace i nt-Gilieks bail d 13 eke nee PLEAS he yi 
ek lees Se. aleinatet. sie’ x Ut TET t BIM™ FEM ceD 
Dek bil neta t 













bMiaaliad Tt ihe! Lo ale 
Pe es ee Py) 

Laake <a) DC Se Se Cr oe 

San ee et a Sa 




























































iY te 
D p 
Pte a yee te te nr ree - 5 
steht ple do eh WOIT GTR “FE rere mrhee BSE TD ar i i Le ee : ; 
Ce aie sit ade tee Le add bbe calle be Read Te te Ln) iat ‘Sialic, te a tio kee ey | ' 
Sl ate lett hee dal Pe ee ee ee ot ie Re LS oe) Pe eT 
bt Re salina te ‘ Ly ee 
4 i et S Pay 
Netti Al) ) belted) aa he Soe ia hes che iad on D 
wali mettle td = Sew "erga e . 
bel a i te betedel et Ye ed at ide + ated Me tee Ee OY rer. iL Ped SL ibs 
be Nad. th tet ak bh dite de ak i tok ed s a Pee oe 
Se chtnditel tt ne iene lin Wd Sl Dt ld ee ae tae oe & pry se L 
Sir tien. La aided oo Fo te hate 








Stebel Ti Tk Meola &5 
bt te be cee I YT 

















ar? $e gery er 
ee 










i 

pat bnlee aechhashad Px Ul bate P9OR RTO ee 
eteiethial th engi St Mate te ta tT ate oT te te Fe 

; ey oter tat, bat Dee dad bee tee et te td) bs And Meet es Td 

elite lilac tiie anh leh test on ne beh ne eT 
ibtiighh: Dine, <ahttndn ynent tt tre 

a : eat Bel ee an Ee ee 




















athe de hale Li tide oe oe ae TP tT AL = 
ite Pin A) Ci Pe tT LP et as) sn b 3 . 
ol Bh et Try del eda ET Pe 1 Le ee 
atte ee te ee ee | > el bl ee Me 

a | re < 




















ail tel tall Lahde eatahtedib d eel an ee pee 
blah dhs 8 death ok ee ee ne toe 
 tliartatlily dirbtctien heater de hoe 





die LL te a eT 
td bey 












ebduhendih edith dh tdi bantineiaannth tok ee tee bhatt te TLE bel tke We ke ese eo 
hit th bcdineliy wetted ted eet, haat tet to ne Adair Tibetans, Mei Wh BLY La ok a ee | ee Ed ee 

a he, Beet dh te. Len dain Dh he 2 be t-te dn te ti teedin ae a eee Pt i a eS Tey mre 
siailiiedaie teas | hate] 


Lipslih- pectead del Mh tr dP eee et SS A tee i 
bt ded tates 14 ad te 
bat ee Le ee 





i 
bedi Nit elie A eaali ta ed. Bie ted tt 
ih he tte ee he 
blttnattdestte ten th dente, bo dd Te te Th hee) 
nh Dit a he a 



























a) 71a Gg ommeoie 
eMedia dh Let ke a he, Et eT P'eme: @ eretenme fi 

lt Lr thol dened Ia LO) shee te Se a 
bated deat beet te kdl oh LEU tea we 
abd hate took tk ty eer ne 
ete ded Eh We th Ek 

















ee ek ey 
ee bt ho ee Shes hee 

bd elidel LT tL) ETS 
La Pe eS ee | ry 
dk tL hel a eh 









Dnstthatatetapeinatiedin. baited din tee ee 
Mee ied he he Be bid ah Red te eT Re ome are os ey 

ed ae De ee) be enh td te tetinde CLLR te beet tee bl th Tt i Tt) 

Dba ated tte oer hye th Melita hd te Med TET) oe 

pudihaalthiemedee doable ay 

Siewasttedeee th te tn 

acti Dede to. Th 















Ln aL! ie tae eek Py 
on Le i ee as ee) oe en ee] 
ee Pe) ae er ee 
id os ee rae a r 
Oh aGh tree rnee » 
sal) eS 
| a 
| ee see e 
‘ ey Tee 
Se weeenne 
A ek ee 










' a's © ere? ee oY 

ae ot ee heehee Sh to tin A LA 
t diet tet deh tke a oe 
Se Ot eet wre eh we" 




























0 Ww awa 
vo mew oO 8 

fd bidiadiite At td 1 Ta 
we 2tre Tes 
arth i en 












bn ee 
Ll A ee 
ala Te et eh 


dite la east Ah tte de te te te 
iheathatiient ete Sh Te by da-ut Sa tediaid hie mean Ro tee dee dite dated 
tied th te, Mote nda hdettitandint tien sadddeta Le Lh tn owe 
ih Atentet dette bt te Lk bk Oe de 

viinbintinthe Metidinte te hie thee 
















Le na) 7s "a Yeon 
stones as 












Crewe 
beditediledeh Sette, Se, Shh 
did alle t Aah Mt te Be Bad BY tt s 











a ee ee ey & %e ¢ 
Le ke oe eo i ee es a 
\ A oe a a ee Ye | &ue 

La a a tote rs . 











6 
OV tds os vw ee Uw eY 





















Ce on + VARA e> Pe eh en eee eee 
> ed " e 3 s i s 
hhtptahteiadietnededtsel ond an rr ee ee, eee ay Prog Arp aves 
spatiale dilate n sind ok th, Lt) de te oe ld ot tea a) ers [Or vedo nege ya 6 
teliihiddedte Mid ek Oe Pe a Ae be kd al aed alll I Ea deed Lt a 
ttt det Lakin hatindin Medel trhiadiitendae, hate Mette dad tat ee 


Pro C 





tie a ln ed Ae de rd 
he de te de he Sere 0 ere & 
delle Nites i Monn bell fi A ad 


U 
i ee OO ee re ty 
th ek se et 
Ce Weve & CT ae eee 


bpirlit, J Ahad dmethtihicstinmiim tit 
hinddndth din dtete dhde da te GR td hee tre oat 
bi ae dk es te Dt al ae a | 


ie i | 
Ld a | oe ih 
blind dn I Lh tt on: ee | ee Do 


































i | | 2 e¥ “0.6 ~ 
| betel te | 4 ee | eh oT | o 4 
depib dada de be et diab dee De de tae bad, hh YS A i A EE Ae Pa o . re ar ty 
bh ditiacieliddate danthdite TL ae ee e a rs ee Lae er er nary "sy ran 
ondanpetnt oT eget tnd w i | 2 a) oe ee ae | re] L 
a bell Ma dindd a Mh te Be de bed OM a aa ce A 2s ole Y © Ce a ery ‘ 
s ed TS ed Pee PRG WtIOUD 6 keys a) e ee) 
@eer alatalonee be Lo hee te a Y Co Le ee Lo 1 
— ‘ Se oa ae | a) @-e 8 
° a0) ‘, a’ ec ewe a a i er | Py 
eteted od 1h ted 1 de de ey vr ra e % i at We es ta Be ee a eC ° ‘ 
+ he te | tiede th edetiadion ately eat teed i A oe Yat) ot Ly a, OA Sd ie We eon « ira a) ry + 
Natl beanie hin, th te ch ae ee Ate Ml Debbie Month btn dd 1s ete Te bd De tulle Ae ee Lt SPrweere zs . 
wT ndinth, bo Sitntt dion te DROLET ET ees a a ee ee a oe | a 
b Aaah htiellen din te html th dna ne | bad Aah dl ed ee Te Bee Bets o~= Li Ce a 
sl dn toe tte) bi dele sh Alin id An doko TT ’ Sk, t 7 
bar hntevhreleintatatatte lhe dhe tek tte Aladin ‘ee Madiadiide, Med ot oA a "s i ‘ Hy : 
Guede Ennaitiadinadstaot A Lae pattie ditnondh Aantieds th sie ad Mee Tt eel oe) i 


stvahutnndenty edn ditend teats coda nn nh Wate te Aad be bn Lo te he Wh th oy oe et tel ra “ F Sd id LU 48 
mnlitetinnti dl di tne hte Ty ete a ie ate de dd) were ae aa Ze ws iv ba OO A 7 At tI Oe 
paadlnpipten Medi Rtas stort, ta ahh Lee y A A eh ri 


f v iA 1? F] 
7d rd P . yea 

peatland Madi dd, te de ee ee ee a ene + Abad J ih eels i oe nr eee > 

. » & 1. ks 2) ee —- ae “ 








